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Abstract 
The halophilic archaeon Haloferax volcanii is a carotenogenic organism, 
native to the dead sea. Its carotenogeneic pathway was characterised by 
BLAST searching techniques. The pathway shows that isoprenoid production 
in H. volcanii utilises the mevalonate pathway. The first two carotenogenic 
enzymes, phytoene synthase (CrtB2) and phytoene desaturase (CrtI) were 
modelled, and investigated, results indicating a possibility that they are 
membrane bound. A method for extraction, separation and quantification of 
the carotenoids of H. volcanii was developed. This approach used phase 
extraction of an aqueous and an organic layer, followed by HPLC separation 
of the extractant components and analysis by comparison of peak absorption at 
450nm of the carotenoid being studied to a p-carotene internal standard. This 
method was used to assess lycopene and phytoene levels throughout growth of 
the organism and under stress conditions. It was found that lycopene and 
phytoene are both synthesised at elevated levels in stationary phase growth. 
Additionally lycopene and phytoene levels show a response to oxidative 
stress, though not to other stressors, being degraded then accumulating to 
levels higher than found under none stress conditions. In order to gain insight 
into the function of lycopene in the organism the gene crt] coding for 
phytoene desaturase was deleted. This mutant was found to have all carotenoid 
production eliminated from the cell. This suggests that the carotenogenic 
enzymes may form a complex associated with the membrane. The mutant was 
xii 
subjected to stress conditions, the results showing it was highly susceptible to 
oxidative attack. This study suggests that the carotenoids synthesised by H. 
volcanii are vital to its defence against reactive oxygen species (ROS). 
xiii 
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Introduction 
Chapter 1 Introduction 
1.1 Archaea, The Domain 
The classification system used for all organisms has changed several times 
over the past three centuries (Wolf et al. 2002). As scientific techniques for 
identifying organisms have improved the characteristics by which they are 
classified have changed. Linnaeus first sort to classify all organisms in the 18th 
century by recourse to study of their physical structure (Linnaeus 1758). The 
Linnaean classification system separates organisms into two distinct groups, 
animals and plants. 
The differences between these two kingdoms were determined at the 
anatomical level, therefore organisms which did not anatomically resemble 
either plants or animals could not be categorised by this method. In 1866 
Haeckel, extending from work done by Leeuwenhoek (Leeuwenhoek 1675 & 
1683), therefore proposed a restructuring of classification into three groups, 
animals, plants and protists (Bapteste et al. 2004). This third group, protists, 
consisted of microscopic single celled organisms, an anatomy that defied 
classification as either plant or animal. 
1 
This classification system remained in place for nearly a century until in 1956 
Copeland recognised, based on morphological and cytological data (Copeland, 
1956) that the microscopic organisms should be further divided, into protists 
and monera. The kingdom monera consisted of those organisms lacking a 
nucleus, all of which are microscopic. 
Less than 15 years later in 1969 the classification system was to altered once 
more with the recognition of the great differences between plants and fungi 
(Whittaker 1969). This structure, based on biochemical and microscopic 
evidence rather than anatomical differences appeared robust, however its pre-
eminence was quickly challenged as molecular biological evidence revealed 
distinct differences between monera, distinct (Woese 1977 & 1990). This 
evidence hinted at differences between two groups of monera as large as the 
difference between that kingdom and any of the others. 
These organisms, discovered in 1977 by Dr Carl Woese at the University of 
Illinois and dubbed archaea were first distinguished from bacteria by 
ribosomal ribonucleic acid (rRNA) sequence comparison (Woese & Fox 
1977). This comparison showed that there were similar differences between 
archaeal rRNA and that of bacteria as between archaea or bacteria and 
eukaryotes. The differences between the various kingdoms of eukaryotes, 
2 
fungi, plants, animals and protists, was not nearly so large (Olsen et al. 1986; 
Woese et al .. 1990). 
The use of rRNA, particularly 16S or 18S subunit rRNA as used in the Woese 
and Olsen studies is advantageous as these RNAs exhibit very high sequence 
conservation, over large expanses of sequence, across all three domains. This 
allows for their use as indicators of evolutionary distance to be very accurate 
(Woe se 1990). These differences encouraged the classification of life into 
three domains, eukarya, bacteria and archaea, with distinct genetic differences 
between the three. The more similar kingdoms of the eukarya then became a 
secondary classification step, rather than being evident at the broadest 
classification level (Fig 1.1). 
In recent years further challenge has been made to this system, with the 
suggestion that taxonomy should delineate groups into monophyletic units 
rearranges the eukaryotes, whilst leaving archaea and bacteria untouched 
(Simpson & Roger 2004). Whilst the initial concept of this study was largely 
accepted (Harper et al. 2005) questions have since been raised as to whether 
the model proposed does indeed split organisms into monophyletic groups, 
whilst it is largely agreed that the current model is incorrect there is 
disagreement over what should replace it (Doolittle 2007 & 2010) 
3 
Tree of Life 
Fig 1.1 Phylogenetic tree of life (Barton et al. 2007) 
4 
1.2 Differences Between Archaea and the Other Domains 
Archaeal species exhibit characteristics at the molecular, biochemical and 
cellular levels that resemble both bacteria and eukaryotes, as well as having a 
host of features entirely distinct from either of the other domains (Keeling et 
al. 1994). The most striking differences that present themselves immediately 
on a careful analysis of archaea is their cell wall morphology and lipid 
composition, which is strikingly different to the other two domains (Siefert 
and Fox 1998). 
At the cellular and sub-cellular level archaea initially resemble bacteria, as 
they, like bacteria, have circular chromosomes and contain plasmids (Bendich 
& Drlica 2000; Bernander 2000). Additionally there is no evidence of splicing, 
common among eukaryotes, in archaeal genes and their genes are sometimes 
organised into cistrons. Additionally they lack a nucleus or any true organelles, 
although unlike bacteria they posses some intracellular membrane structures, 
with organelle-like properties (Blaut et al. 1992). The lack of organelles leads 
to both bacteria and archaea having a lower internal complexity than 
eukaryotic cells (Sapp 2005). 
Despite these initial similarities to bacteria, archaea show great similarity to 
5 
eukarya in their genetic reproduction machinery. RNA synthesis in archaea, 
for example makes use of TATA box binding proteins (TB Ps) and an RNA 
polymerase (RNAp) similar to that of the eukaryotic RNAp 11 (Bell 2001; 
Cramer 2004». Additionally the process of archaeal translation as a whole 
resembles that of eukarya (Woe se 1998). The polyadenylation of RNAs 
commonly found in both eukarya and bacteria, however, does not occur in 
some archaea, such as H. volcanii (Slomovic et al. 2008). A further similarity 
to eukarya is the deoxyribonucleic acid (DNA) replication machinery, with 
initiation of DNA replication and replication itself being performed by 
homologs of the eukaryotic apparatus, including the DNA polymerase (Cann 
& Ishano 1999). Despite the similarities to eukaryotes in nucleic acid 
replication, including chromosomal replication, archaea show a bacteria like 
cell division process. 
Archaeal features unique to themselves include, as noted earlier, the cell 
membrane. The lipids, which form the archaeal membrane, are typically 
formed of isoprenoids ether linked to glycerol-I-phosphate (Forterre et al. 
2002), in contrast bacterial and eukaryotic lipids are formed from fatty acids 
ester linked to glycerol-3-phosphate (Fig 1.2). The cell wall, similarly is unlike 
bacteria or eukarya, whose cell walls are typically contain carbohydrate. 
Rather than being constructed of peptidoglycan, cellulose or chitin, archaeal 
cell walls are typically formed of the cells surface layer proteins (S-layer) with 
6 
B 
c HOCH2 
:in 3 H2C-O 
I 
2 H1-O 
I 
O- CH 
I 
O-CH2 
1 HlC X 
Fig 1.2 A comparison of Archaeal lipid membrane and non-Archaeal lipid 
membrane. 
A shows a Bacterial or EukaryaJ membrane, consisting of a linear fatty acid 
ester linked to a glycerol moiety. B shows a common Archaeal lipid, archaeol, 
consisting of isoprene chains with branching methyl groups ether linked to a 
glycerol moiety. C shows a tetraether lipid structure, unique to Archaea, in 
which the molecule crosses the entire membrane, with hydrophilic groups at 
both ends, such structures allow the formation of lipid monolayers. (Matsumi 
et al. 2010) 
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no additional carbohydrate structure (Keeling et al. 1994). 
This unique blending of features has some notable effects, the most relevant of 
which is archaeal resistance to many antibiotics, due to the fact that most 
antibacterials target unique bacterial structures, such as peptidoglycan 
synthesis enzymes, peptidoglycan itself or the bacterial RNAp, none of which 
are present in archaea (Reeve 1999). Similarly any biocides used against 
eukaryotic organisms are typically targeted to specialist structures, to reduce 
their effects on unintended targets, thus many fungicides and herbicides target 
cell wall production, or other unique features, whilst pesticides may require an 
alkaline environment to become toxic. As archaea resemble eukarya and 
bacteria equally (AUers & Mevarech 2005) such targeted approaches are often 
ineffective against them, with the most general current biocides, such as 
nucleic acid chain terminators, being among the few effective choices. 
Along with NACTs antibiotics which target the ribosome, particularly the 
large ribosomal subunit, such as chloramphenicol and linezolid are functional 
against the Archaea (Wilson 2011). There is also evidence that 
aminocoumarins and fluoroquinolones that target the DNA gyrase may be 
effective against archaea (Eckburg et al. 2003). These antibiotics have only 
been to shown to be effective in vivo, and may be affecting bacterial 
populations that the archaea rely on rather than the archaea directly (Eckburg 
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et al. 2003). Further work performed on the methanogen Methanobrevibacter 
smithii showed that this organism was resistant to all antibiotics, except those 
which targeted both bacterial and eukaryotic populations as well as the 
archaeon (Dridi et al. 2011). This organism was resistant to ampicillin, 
streptomycin, gentamicin, rifampicin, ofloxacin, tetracycline and amphotericin 
B (MIC > 100mg/ml). Additionally it was resistant to vancomycin 
(MIC>50mg/ml). Similar antibiotic profiles were shown for Methanosphaera 
stadtmanae, Methanobrevibacter oraUs and Methanomassiliicoccus 
luminyensis. These strains were susceptible to bacitracin, which interferes with 
the dephosphorylation of isoprenyl pyrophosphate, the precursor to the 
isoprenoid pathway, nitroimidazoles, which affect nucleic acid synthesis, 
particularly under anaerobic conditions and squalamine (Dridi et al. 2011), 
whose precise mode of action is yet to be elucidated and may differ between 
organisms (Moore et al. 1993) 
1.3 Division of the Archaeal Domain 
Beyond the division from bacteria archaea have since been subdivided into 
several groups, each of which has distinct differences from the others. These 
groups, or phylum, are the crenarchaeota, euryarchaeota, korarchaeota (Fox et 
al. 1977) and nanoarchaeota (Huber et al. 2003) (Fig 1.3). 
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The distinctions between the crenarchaeota, euryarchaeota and korarchaeota 
were based on 16S rRNA comparison in 1977 (Fox et al. 1977). The fourth 
phylum, nanoarchaeota was recognised as a separate group in 2003 upon the 
discovery of symbiotic archaea (Huber et al. 2003). Recently there has been a 
fifth archaeal group proposed, thaumarchaeota, comprising mesophilic 
crenarchaeota (Brochier-Armanet et al. 2008). Currently as more members of 
each archaeal group are discovered it could induce further changes in the 
classification of these organisms (Brochier-Armanet et al. 2008). 
Currently the distinction between archaeal groups lies largely along lines 
defined by their metabolic biochemistry linked to nutrition (Falb et al. 2008). 
Whilst these divisions are also reinforced by molecular data, it may be that 
further investigation leads to a rearrangement of the archaeal phyla. 
Such investigation includes the role that horizontal gene transfer plays in the 
definition of a species. There are currently a number of views on the relevance 
of this phenomenon to phylogeny. As most microbes, including Archaea, are 
capable of transferring genes from one species to another it has been suggested 
that the concept of microbial species, or indeed a tree of life is not relevant to 
them at all (Bapteste & Boucher 2008). It is suggested that a web or bush of 
life might be more appropriate (Doolitle & Bapteste 2007). This concept, 
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however looks only at the similarity of an organisms genome and, sometimes, 
plasmids and fails to address the very real descent by division, with daughter 
cells produced from a dividing ancestor. From this point of view a tree is still 
an accurate representation and easier to integrate into a global schema 
including Eukaryotes (Gribaldo & Brochier 2009). 
A third view stands that the use of webs, or bushes, to represent the homologus 
gene transfer and the use of these to inform common descent, as acquired 
genes are transferred horizontally subsequently, can be used to produce 
accurate trees that take account of horizontal gene transfer as well as gene 
duplication, deletion and mutation (Gibraldo & Brochier 2009). This concept 
works well in conjunction with construction of a phylogenetic tree using a 
core conserved subset of genes, many of which are involved in nucleic acid 
processing, synthesis and degradation (Brochier et al. 2005). 
These differing viewpoints have led to numerous representations of the 
Archaeal phylogeny, including those which do not recognise Nanoarchaeota, 
Korarchaeota or either as distinct phyla (Fig 1.3). 
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1.4 Crenarchaeota 
Crenarchaeota are the most abundant of the arch aea, likely having the highest 
biomass, as well as being ubiquitous in the environment (Hu et al .. 2011). The 
crenarchaeota contain many extremophiles, with affinity for both acidity and 
temperature (Blochl et al. 1997). Crenarchaeota display a wide range of 
lifestyles, including extremes of temperature up to 113°C, Pyrolobus fumarrii 
and extremes of pH, as low as pH I, Sulfolobas strains. In addition as well as 
respiratory metabolism, comprising aerobic growth, anaerobic growth and 
faculative anaerobic growth, this group of archaea are capable of 
chemorganotrophism and chemolithoautotrophism (Blochl et al. 1997). In 
addition crenarcheota appear to have a significant role in the carbon cycle, 
being a major, numerically predominant component of marine microflora (Hu 
et al. 2011) 
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Fig 1.3 A Phylogenetic tree of domain Archaea based on RRS sequences B 
Phylogenetic tree of domain archaea, based on comparison of core genomic 
subsets including horizontal gene transfer events (Gibraldo & Brochier 2009) 
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1.5 Nanoarchaeota 
Currently only a single nanoarchaeon is known, Nanoarchaeum equitans, 
which has a total cell diameter of only 400 nm (Huber et al. 2002). The 
organism is symbiotic and grows on another arch aeon Ignicoccus (J ahn et al. 
2008). Both the symbiote and its host are hyperthermophillic (Huber et al. 
2002). Similarities exist between the genome of N. equitans and the 
euryarchaeon Thermococalles (Waters et al. 2003). Additionally it has the 
smallest known archaeal genome, coding for genes that affect DNA repairs 
and recombination, but has none for lipid, nucleotide or amino acid synthesis 
(Waters et al. 2003). 
1.6 Korarchaeota 
Korarchaeota branch close to the root of the archaeal domain (Saruhasi et al. 
2007). Not much is known about this phylum of archaea, as, at present only 
the nucleic acids of this group have been detected, culturing them so far has 
proven impossible (Baker & Cowan 2004). The data available shows the 
korarchaeota to be hyperthermophiles (Auchtung et al. 2006), a conclusion 
reached by the presence of their DNA in the Obsidian hot spring at Yellow 
Stone National Park (Barns et al. 1994). 
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1.7 Euryarchaeota 
Euryarchaeota exhibit a large range of lifestyles, with around 190 species, split 
into 8 orders (Blochl et al. 1997). The largest subdivisions or the 
euryarchaeota consist of methanogenic or halophilic organisms, which are 
closely related to one another (Blochl et al. 1997) (Fig 1.4). Methanogens are 
characterised by their production of methane gas and have been isolated from 
a range of environments, including peat bogs, salt marshes and trees (Chaban 
et al. 2006). Regardless of where they have been isolated from they exhibit an 
anaerobic lifestyle (Chaban et al. 2006). Halobacteriales, by contrast are 
mostly aerobic, with some anaerobes and faculative anaerobes and live in 
extreme salt concentrations, such as the Dead Sea (Wheelis et al. 1992). 
Interest in these organisms extends to xenobiology, as the extreme nature of 
their environment is similar to that found on Mars (Landis 2001). Other 
members of the euryarchaeota include the hyperthermophilic genuses 
Thermoplasmales and Thermococcalesas as well as organisms capable of 
sulphur reduction (Reed et al. 2006). 
1.8 Archaeal Physiology 
Archaea have a wide range of morphologies, including several pleomorphic 
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species (Huber et al. 2002). This range, contributed to by the unique nature of 
archaeal cell walls, includes disks, squares, cocci and bacilli as well as several 
other shapes (Beveridge 2002). Cell diameters and lengths are also highly 
varied ranging from 0.4 to 15 ~ m m in diameter, with lengths reaching 200 ~ m m
(Huber et al. 2002). Additionally they multiply, not only by binary fission as 
do bacteria, but also by budding, similar to the mechanism used by yeast 
(Beveridge 2002). Much like bacteria some archaea form aggregates or 
filaments rather than living as single cells (Desmond et al. 2007). The only 
archaeon implicated in human disease a member of the Methanobrevibacter 
genus is one such, forming colonies in the mouth (Lepp et al. 2004). 
1.9 Archaeal Habitats 
Archaea can be found in an extremely diverse range of habitats (Chaban et al. 
2006). These habitats range in temperature from 1°C with the organism 
Methanogenium firgidum (Saunders et al. 2003) to 121°C with the organism 
Pyrodictium strain 121 (Kashefi & Lovley 2003); in acidity from 0 pH with 
organisms of the genus Picrophilius to 11.7 pH with Halalkalicoccusjeotgali 
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Fig 1.4 Phylogenetic tree of euryarchaeota (adapted from ABers & Mevarech 
2005) 
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(Valenzuela-Encinas et al. 2008) and in salinity up to 5.5 M in the order 
Halobacteriales. It has also been shown that archaea inhabit mesophilic 
environments, such as the human mouth (Lepp et al. 2004), soils, trees and 
fresh water lakes (Samuel et al. 2007). Archaea fonn a significant portion of 
the global biomass (Olsen 1994 & Kamer et al. 2001), contributing to the 
carbon and nitrogen cycles as well as occupying niches unavailable to 
organisms from the other domains. 
1.10 Halophiclic archaea 
Perhaps one of the most interesting environments inhabited by archaea are the 
extremely saline seas and lakes. These areas vary in salinity, as high as 5.5M 
salt (Valenzuela-Encinas et al. 2008) and some archaea living in them require 
salinities as high as 2M for survival (Oren 2002). By contrast mesophilic 
organisms can rarely tolerate salt concentrations much in excess of 0.2M 
(Brock 2008). Although there are several none archaeal halophiles these 
organisms use a compatible solutes system to balance the strong osmotic 
effects produced by hyper saline environments (Oren et al. 2005). In contrast 
halophilic archaea eschew a compatible solutes system in favour of an iso-
osmotic balance with their environment (Oren et al. 2005). Whilst this allows 
them to live at greater salinities than other organisms the high intracellular 
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levels of ions offer unique challenges to the organism's biology. Biochemical 
processes including nucleic acid and protein synthesis must be carried out in 
salinities greater than 2M and as such the systems within halophilic archaea 
differ from those of other organisms to compensate. 
1.11 Haloferax volcanii 
H. volcanii (Fig 1.5) is a haloarchaeon belonging to the family 
Halobacteriacae (Blochl et al. 1997). It was first isolated from the dead sea in 
1975 (Mullakhanbhai & Larsen 1975) and has optimum growth conditions of 
2.6 M salt, 45°e and pH 8.5 (Oren, 2002 & Mullakhanbhai & Larsen 1975). 
H. volcanii is an obligate halophile, capable of growth only in conditions 
above 1 M salt, below which concentrations osmotic shock causes cell lysis 
(Oren 2002). H. volcanii is capable of growth at a wide range of temperatures, 
down to 300e and above 500e (Wilson et al. 1999). It is a chemoorganotroph 
and an obligate aerobe. H. volcanii has a 42 Mb genome, consisting of a single 
chromosome and four megaplasmids (pHV1, 2, 3 and 4) (Allers 2004). 
H. volcanii, unlike many micro-organisms is also strongly pigmented, ranging 
from a pale pink to a deep red in colour. This colouration is caused by its 
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production of carotenoids, particularly lycopene (Ronnekleiv & Liaaenjensen 
1995). It has been suggested that these carotenoids may provide protection 
from the high levels of incident ultra violet (UV) radiation found in the dead 
sea (Dundas & Larsen 1963), however little research has been done into the 
true role of these compounds in this organism. 
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Fig 1.5 HaLojerax voLcanii CAllers 2004) 
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1.12 Carotenoids 
Carotenoids are organic pigments, some, such as lycopene and phytoene are 
hydrocarbons, whilst others such as bacteriorubem and zeaxanthin contain 
hydroxyl groups or oxygen (Sandmann 2009). Carotenoids have long chain 
lengths, usually over thirty carbons and are typically very hydrophobic, often 
with log octanol water partition coefficients of -10 or greater (Britton et al. 
1998). Carotenoids present a unique spectral signature when analysed with 
absorbance spectrophotometry. The spectra produced by carotenoids have a 
three peak structure (Fig 1.7), with distinct maxima for each carotenoid in a 
given solvent system (Britton et al. 1998). These signatures therefore allow 
identification of carotenoids by comparison to standards, or previously 
recorded spectra. 
1.13 Carotenoids in animals 
Carotenoids perform a variety of functions in living organisms. They are 
utilised and synthesised by all domains of life, although their synthesis is 
uncommon in animals, with only a single species of aphid, known to produce 
them (Moran & Jarvik 2010). In animals carotenoids perform a wide range of 
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functions, providing pigmentation in the skin, acting as antioxidants to soak 
reactive oxygen species (ROS) and as precursors to essential biological 
molecules, such as retinal, used for sight and retinoic acid, a growth hormone. 
1.14 Carotenoids in plants 
In plants carotenoids are also used as hormones, with several products of the 
carotenoid pathway performing this function (Hubbard et al. 2010). 
Additionally they are used to provide colour to various fruits, such as 
tomatoes. Arguably their most important role, however, is in the chloroplast, 
where they are involved in photosynthesis. In photosynthesis carotenoids 
provide two major functions, the first and most studied, is extension of the 
range of wavelengths at which light can be captured and utilised by the 
photosynthetic apparatus (Cogdell 1978). The energy absorbed by the 
carotenoids is transferred to the photosynthetic apparatus via a charged group 
on a protein (Mimuro & Katoh 1991). The second function performed by the 
carotenoids in photosynthesis is to act as protective agent against oxidative 
attack upon the rest of the photosynthetic apparatus (Cogdell 1978). 
1.15 Carotenoids in bacteria and protists 
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In cyanobacteria and photosynthetic algae carotenoids perform the same 
function as in plants, as part of the photosynthetic apparatus. In addition some 
bacteria utilise carotenoids to protect against photo-oxidation events both 
within the cell and exterior to it (Mathews & Krinsky 1965), additionally they 
are known to provide some protection from incident radiation of the 
frequencies at which they absorb. It has been shown (Mathews & Krinsky 
1965) that bacteria using carotenoids in this way do not produce them when 
grown in the dark, presumably due to the high metabolic cost (Michal, 1999) 
being detrimental when no light is present to act on the cell directly or cause 
the production of ROS. By contrast it has recently been shown that 
Deinococcus radiodurans produces lycopene, a carotenoid, in all growth 
conditions and utilises it to protect against oxidative attacks from a range of 
sources, including y-radiation emitted from nuclear reactors, the presence of 
the carotenoid greatly bolstering the organisms ability to survive in this 
extreme environment (Tian et al. 2007). 
1.16 Carotenoids in archaea 
Archaea, too produce carotenoids, particularly among the halophiles. 
Halobacterium salinarium is well known for its purple colouration and ability 
to perform none photosynthetic photophosphorylation (Danon & Stoeken 
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1974). Both of these features are a consequence of the presence of 
bacteriorhodopsin in the cell, a pigmented compound incorporating 
carotenoids. As well as producing carotenoids for use In 
photophosphorylation, thus mimicking plants, several archaea synthesise 
carotenoids for which, at present the purpose is unknown. H. volcanii is one 
such organism, producing lycopene and bacterioruberin in large amounts, with 
no apparent purpose beyond their accumulation in the membrane (Oren et al. 
2005). 
1.17 Carotenoids and Reactive Oxygen Species 
Reactive oxygen species are damaging to organisms as they can react with 
many important biological molecules, including DNA and proteins, perturbing 
their function (Paez et al. 2011). These compounds can be generated in a 
number of ways, both metabolically and environmentally (Uu et al. 2002, 
Pedone et al. 2004, Kim et al. 2011). Through various mechanisms, including 
auto-oxidation (Pedone et al. 2004) and reactions within the electron transport 
chain of mitochondria and bacteria (Liu et al. 2002) ROS are generated 
metabolically within cells. Additionally they can be generated environmentally 
by gamma radiation (Kim et al. 2011) which acts directly on oxygen 
molecules, ultra violet radiation (He & Hader 2002) which Increases 
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intracellular ROS production in a range of organisms and Fenton like reactions 
(Brewer 2010) which produce ROS as a consequence of transition metal 
chemistry. 
Carotenoids including lycopene have been shown to have a protective effect 
against oxidative damage (Heber & Lu 2001). Their primary role in this regard 
appears to be the quenching of singlet oxygen species, such as those produced 
by the mechanisms described above. This quenching ability is of varying 
strength among the carotenoids, with lycopene being the strongest quencher, 
although mixtures of carotenoids, particularly those containing either lutein or 
lycopene, are stronger quenchers than any single carotenoid (Heber & Lu 
2001). 
The mechanisms of action for the quenching of ROS in carotenoids are varied 
(Galano & Francisco-Marquez 2009). These reactions can be both 
degradative, whereby the carotenoid is attacked by the ROS, typically at one 
of the carbons bordering a double bond, or catalytic in which the carotenoid is 
not degraded. The catalytic type of activity can occur through electron 
transport action or hydrogen ion transfer (Galano & Francisco-Marquez 2009). 
Both mechanisms aid in protecting a cell from oxidative damage. 
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1.18 Carotenogenesis across the Domains 
Carotenogenesis across all domains of life shares several characteristics. It 
starts with phytoene synthesis from geranyl geranyl pyrophosphate (GGPP), 
which is a product of the isoprenoid pathway. This step is carried out by the 
highly conserved phytoene synthase (Sieiro et al. 2003). Both before and after 
this step, however, there are differences in the pathways used, particularly 
between bacteria and eukaryotes with archaea using a wider variety of systems 
(Sielro et al. 2003; Klassen 2010). 
In eukaryotes, and many archaea, including the Halobacteriales members that 
have had the pathway elucidated, the first step in the pathway begins at acetyl-
coA (Michal, 1999). This then leads through a number of compounds to 
isopentyl pyrophosphate (IPP), the first molecule in the isoprenoid pathway. In 
most bacteria rather than beginning at acetyl-coA the pathway draws from 
pyruvate and is slightly shorter, again producing IPP (Sandmann 2008). GGPP 
is then formed from IPP by the highly conserved GGPP synthase (Wiemer et 
al. 2009). 
After phytoene synthesis eukaryotes typically use a two enzyme system 
composed of a phytoene desaturase and a ~ - c a r o t e n e e desaturase to produce 
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lycopene by desaturation of phytoene to ~ - c a r o t e n e , , followed by de saturation 
of ~ - c a r o t e n e e to lycopene. In contrast bacteria and many archaea have a single 
phytoene desaturase (ertI), which desaturates phytoene to lycopene in a four 
step process. In addition to using different enzymes, different intermediates 
are produced by the two pathways, with the bacterial pathway producing 
phytofluene, 7,8,11,12 tetrahydralycopene and neurosporene 
eukaryotic system producing ~ - c a r o t e n e e and neurosporene. 
and the 
Despite these differences there are strong similarities between all phytoene 
desaturases across all three domains (Klassen 20 I 0). This demonstrates that 
carotenogenesis is an evolutionarily deep branching process, most likely being 
present in the common ancestor of all domains, with clear evolutionary links 
between the genes involved. In the case of the two enzyme system in 
eukaryotes the desaturases (CrtP and Q) are more closely related to each other 
than any other carotenogenic enzymes (Klassen 2010). 
1.19 Archaeal Carotenogenesis 
Carotenogenesis in archaea is, at present, little studied. In spite of this it is 
possible that study of this process could lead to understanding the origin of 
carotenogenesis across the domains (Sieiro et al. 2003; Klassen 2010). As with 
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all organisms incapable of photosynthesis archaea use the single desaturase 
model of lycopene synthesis (Yatsunami et al. 2004). The most studied role of 
carotenoids and their synthesis in the archaea, particularly the haloarchaea is 
related to the synthesis of bacteriorhodopsin (Klassen 2010). 
Whilst the early stages of the carotenogenic pathway in archaea mirror 
bacteria, later steps, particularly those involving cyclases more closely mirror 
fungi (Klassen 2010). Several archaea contain homologs of the gene CrtY, 
which codes for a carotenoid cyclase more commonly found in eukaryotes 
(Klassen 2010). These similarities may arise due to the fact that both archaea 
and fungi appear to have evolved carotenogenesis driven by rhodopsin 
production. 
Some arch aea, such as H. volcanii, that do not produce rhodopsins do 
synthesise carotenoids (Sieiro et al. 2003). The purpose that these carotenoids 
serve in such organisms is poorly understood, furthering this understanding is 
the aim of this thesis. 
1.20 Potential Applications of This Research 
The research presented here has a number of potential applications beyond the 
gain of knowledge alone. One such is the possibility of using an understanding 
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of Haloferax volcanii carotenogenesis to design a system by which lycopene 
and other carotenoids could be produced more cheaply than through the use of 
tomatoes, the current organism of choice. This would be beneficial for a 
number of reasons. Lycopene is a powerful anti oxidant and is therefore used 
as a food supplement in a wide range of products. Additionally it is difficult to 
purify from tomatoes and therefore pure samples for scientific purposes is 
expensive, easier production through the use of either H. volcanii, a modified 
E. coli or other suitable organism could lead to cheaper lycopene as well as 
being a potential source of significant financial gain for its producer. 
As well as the potential commercial benefits understanding the role 
carotenoids play within H. volcanii could lead to a broader understanding of 
their role in microorganisms in general. This could potentially lead to novel 
uses or to a greater understanding of interactions between carotenoid 
containing organisms and various antimicrobials used to kill them. 
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Chapter 2 
Materials and Methods 
Chapter 2 Materials and Methods 
2.1 Archaeal Strains 
Several Haloferax volcanii strains derived from parent strain OS70 were used. 
DS70 was initially isolated from the dead sea (Wendoloski et al. 2001) and 
cured of the pHV2 plasmid. The derived strains used were H. volcanii H26, 
which has had the PyrE2 gene deleted and H. volcanii H53 which has had the 
PyrE2 and TrpA genes deleted. 
2.2 Bacterial Strains 
Three E. coli strains were used. E. coli Top 10 cells (Invitrogen, Paisley UK) 
were utilised for tranformation of ligated products and plasmid propogation, 
due to their reported high transformation efficiency and plasmid recovery 
(lnvitrogen, Paisley UK). E. coli BL21 (DE3) (Invitrogen, Paisley UK) were 
used as an expresion host, as were E. coli Rossetta (Invitrogen, Paisley UK). 
Both these plasmids contain the DE3 prophage allowing expression of the T7 
polymerase for use in conjunction with the PET expression system. 
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Table 1. E. coli genotypes used in this study 
Strain 
Top 10 
Genotype Source 
F- mcrA ~ C m r r - h s d R M S - m c r B C ) ) < p 8 0 l a c Z ~ M M IS Invitrogen 
~ l a c X 7 4 4 nupG recAl araD139 ~ C a r a - l e u ) 7 6 9 7 7
galElS galK16 r p s L ( S t ~ ) ) endAl ')...-
BL21 (DE3) F ompT gal dcm Ion hsdSBCrB- mB-) ')...(DE3 [lacI Invitrogen 
lacUVS-T7 gene 1 indl sam7 ninS]) 
Rossetta - - Invitrogen F ompT hsdSB(RB mB) gal dcm ACDE3 [lacI 
lacUV5-T7 gene 1 indl sam7 nin5]) pLysSRARE 
CCamR) 
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2.3 Plasmids and Vectors 
pET28a 
pET28a, a 5369 bp plasmid containing a kanamycin resitance cassette was 
used as an expression vector. In addition to the Kanr cassette it also contains a 
lac repressed T7 promoter upstream of a multiple cloning site and a lac! 
cassette. pET28a allows for the expression of both his tagged and none his 
tagged proteins, the his tag being available at both the Nand C termini. 
pTA131 
pTA131 is a plasmid developed to facilitate gene knockout in H. volcanii. 
pTA131 contains both an E. coli origin of replicantion and a H. volcanii 
origin, allowing for use in H. volcanii and easy handling for genetic 
manipulation in E. coli. In addition it contains an ampicillin resistance cassette 
for selection in E. coli and a pyrE2 gene under the control the ferrodoxin 
promoter to facilitate selection for knockouts in H. volcanii. Further it contains 
a multiple cloning site for the insertion of fragments to be used in the 
construction of knockout vectors. 
pTA298 
pTA298 contains the H. volcanii TrpA gene and promoter located between two 
BamHI sites, allowing efficient production of knockout vectors in conjunction 
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with pTA131. In addition pTA298 contains an ampicillin resistance cassette 
and an E. coli origin of replication. 
pDROOI-006 
This plasmid series represents the production stages of two knockout vectors, 
pDR003 and pDR006. All are based on the pTA131 plasmid with the 
following changes. pDROO 1 contains a clone of the region of H. volcanii 
genome on the 5' flank of the crtl gene, located between KpnI and BamHI 
sites in the multiple cloning site. pDR002 additionally contains the 3' flank 
located betyween BamHI and SpeI. pDR003 then contains the TrpA gene and 
promoter located between these two flanks. Similarly pDR004-006 were built 
using the pmdc 5' flank, 3' flank and TrpA gene with promoter in the same 
sequence. 
pDR007 
pDR007 is based on the pET28a plasmid, with the crrl gene inserted between 
NdeI and BamHI in the multiple cloning site. 
2.4 Luria Bertani Media 
Tryptone (Oxoid, Cambridge UK), NaCI (Fischer Scientific, Loughborough 
UK), and yeast extract (Difco, Lawrence US) were combined with water to a 
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final conentrations of lOgll, lOgIl and SgIl respectively. When agar was 
required lSgIl bacteriological agar (Difcu, Lawrence US) was added. The 
media was autoc1aved (121°C, 103kPa, lSmins) before any necessary 
antibiotics were added. 
2.5 Antibiotics 
Antibiotic stocks were prepared at 1000x final concentrations required. The 
final concentrations were as follows, chloramphenicol (Fisher Scientific, 
Loughborough UK) 3SJ.lg/ml, Kanamycin (Fisher Scientific, Loughborough 
UK) SOJ.lg/ml, Ampicillin (Fisher Scientific, Loughborough UK) 100J.lg/ml. 
All antibiotics were used to select for strains carrying plasmids with 
appropriate resistance cassettes. Were multiple plasmids were used with 
differing resistance cassettes mUltiple antibiotics were added. The 
concentrations of antibiotic were selected as being at least 10x the minimum 
inhibitory concentration (MIC) of none resistant strains, whilst being below 
the MIC of resistant strains produced with the resistance cassettes used. 
2.6 30% Salt Water 
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240gll NaCI (Fisher Scientific, Loughborough UK), 30gll MgClz"6H20 (Fisher 
Scientific, Loughborough UK), 35g1l MgS04·7H20 (Fischer), 7g1l KCI (Fisher 
Scientific, Loughborough UK), were combined in HPLC grade water (Fisher 
Scientific, Loughborough UK), there pH corrected to 7.5 by the addition of 
1M pH 7.5 Tris HCI (Fisher Scientific, Loughborough UK), before HPLC 
grade water was added to give the above final concentrations. 
2.7 10x YPC Stock 
12.5g/l Yeast Extract (Difco, Lawrence US), was combined with 2.5g/l 
Peptone (Oxoid, Cambridge UK) and 2.5g/l Casamino acids (Fisher Scientific, 
Loughborough UK) in HPLC grade water before 1M KOH was added to 
adjust the pH to 7.5. Subsequently HPLC grade water was added to give the 
correct final concentrations before the mixture was autoclaved (121°C, 
103kPa, 15mins). 
2.8 HvYPC Media 
30% salt water was combined with HPLC grade water and lOx YPC stock to 
give final concentrations of 18% salt water and Ix YPC and autoclaved 
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(121°C, 103kPa, 15mins). Subsequently CaCI was added to a final 
concentration of 3mM. Were agar was required 30% salt water and HPLC 
grade water were combined with 1Og/l agar (Difco) and the mixture 
microwaved until the agar dissolved, the mixture was then immediately 
autoclaved (121°C, 103kPa, 15mins) prior to the addition of YPC stock and 
0.5 M CaCl. 
2.9 Hv Na-Lac Media 
30% salt water was combined with HPLC grade water such that the 
concentration would be 18% in the final media. This was autoclaved (121°C, 
103kPa, 15mins). The following components were added in order to the 
specified final concentrations, TrisHCL pH 7.5 (26 mM), potassium 
phosphate buffer pH 7.5 (1 mM), Na-Lactate (Fisher Scientific, 
Loughborough UK), (0.5%), Hv Min Salts (1.2%), Thiamine (Fisher 
Scientific, Loughborough UK), and Biotin (Fisher Scientific, Loughborough 
UK), (0.09%), Uracil (5 Jlgmr1) (Fisher Scientific, Loughborough UK). 
Thiamine and Biotin solution, phosphate buffer and Hv Min Salts were 
prepared as per Allers et al. 2003. 
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2.10 Growth of H. volcanii Strains 
H. volcanii strains were grown in a Jeio Tech SI 900 shaking incubator 
(Medline Scientific, Chalgrove UK) at 45°C, 200 rpm in all medias for a time 
appropriate to the experiment. Growths were performed with 200 ml of media 
in 500 ml flasks unless otherwise stated. 
2.11 Harvesting of H. volcanii Cultrues 
H. volcanii cultures were harvested by centrifugation at 9 kg for 30 minutes in 
a Beckman 12-21 centrifuge (Beckman Coulter Inc, Brae USA). Pellets were 
resuspended in 5 mls RO water and transferred to 50 ml falcon tubes (BD 
Biosciences, Franklin USA) for storage. 
2.12 Extraction of Lycopene 
H. volcanii samples were thawed and sonicated in 45 s bursts with 15 s pauses 
for 5 min at 5 ~ m m amplitude using a Soniprep 150 (Sanyo, Watford UK) 20Jlg 
beta carotene (Fisher Scientific, Loughborough UK) was added as an internal 
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standard. 6.5 ml propan-2-01 was added and the sample vortexed briefly. 5 ml 
hexane was added and the sample mixed by inversion 5 to 15 times. The 
sample was centrifuged at 1500 RCF for 30 min in a Megafuge 40R centrifuge 
(Thermo Scientific, Basingstoke UK) The sample was decanted into a 50m} 
separation funnel (Fischer Scientific, Loughborough UK) and the lower, 
aqueous phase run off to waste. The upper organic phase was run into a pre-
weighed bijoux, and allowed to dry under air flow prior to storage at -80°C in 
the dark. 
2.13 HPLC Separation of H. volcanii Extracts 
Extracts were resuspended in 2 0 0 ~ 1 1 1: 1 tetrahydrofuran (THF):methanol 
(Me OH) (Fischer Scientific, Loughborough UK). A 2 0 ~ 1 1 sample was injected 
into the system. HPLC separation was performed using a Phenomonex 5 ~ ~
C8 Prodigy column 250 x 4.6mm internal diameter (Phenomonex, 
Macc1esfield UK) protected by a 5 ~ M M C8security guard cartridge 
(Phenomonex, Macc1esfield UK). 
For isocratic HPLC components were eluted using a Waters 2695 Separation 
System (Waters, Elstree UK). The mobile phase consisted of 1: 19 
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THF:MeOH. Detection of eluants was performed by UV absorption at 450 
nm. 
For gradient HPLC components were eluted using a Waters Liquid 
Chromatography System. The mobile phase consisted of a gradient from 1:5 
MeOH:H20 to 1:19 THF:MeOH over a 15 minute period. Detection of eluent 
spectra was performed by UV absorption across a range of wavelengths from 
200-600nm using a Waters 996 Photodiode Array (Waters, Elstree UK). 
~ - c a r o t e n e e and lycopene were identified by comparison to the retention time 
of internal standards. The mass of lycopene present in the original culture was 
calculated from a comparison of the peak heights of lycopene and ~ - c a r o t e n e e
(Fig 4.3). 
2.14 Polymerase Chain Reactions (PCRs) 
All PCRs were carried out using the following method with primer sequences, 
annealing temperatures, extension times and dimethylsulfoxide (DMSO) 
concentrations as found in Table 2.2. All components were combined to the 
following final concentrations IX Phusion PCR master mix (New England 
Biolabs, Knowl Piece UK), 500 nM forward and reverse primers, 50 nglJlI H. 
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volcanii genomic DNA or 25 nglJlI plasmid. Cycling conditions are found in 
Table 2.3. 
2.15 H. volcanii Genomic DNA Extraction 
H. volcanii H26 was grown overnight in HvYPC broth to >0.6 OD600nm• 2 ml 
samples were pelleted at 8 k g for 5 min. The resulting pellets were 
resuspended in 200 III ST buffer (Allers 2003), then lysed by gentle inversion 
with 200 III lysis buffer (Allers 2003),. The lysate was overlayed with 1 ml 
ethanol (EtOH) (Fisher Scientific, Loughborough UK) and DNA extracted by 
spooling. The spool was rinsed in 70% EtOH and allowed to dry. DNA was 
resuspended in 200 III TE buffer (AIlers 2003). 
2.16 Digestion of peR Products and Plasmid Vectors 
PCR products and plasmids were digested using the following method with 
enzymes described in each experiment, all enzymes are FastDigest enzymes 
(Fermentas, York UK). The DNA sample was digested in a Ix FastDigest 
buffer (Fermentas, York UK) for one hour at 37°C. 
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2.17 Ligation of Digested PCR Products and Plasmid Vectors 
for Cloning 
Digested PCR products were treated with Antarctic phosphatise (New England 
Biolabs, Knowl Piece UK) at 30°C for one hour before being heated to 90°C in 
order to inactivate the enzyme prior to ligation. Cut vector and plasmid were 
mixed in 3: I, I: I and 1:3 molar ratios of vector to insert in a Ix ligation 
bufferwith T4 DNA ligase (New England Biolabs, Knowl Piece UK) and left 
overnight on ice. 
2.18 Electroporation of electrocompetent E. coli strains 
25ng of plasmid DNA or 2JlI of ligation mixture were mixed with 40JlI of 
electrocompetent E. coli cells, chilled in ice (all strains treated identically). 
This mixture was transferred to a O.2cm electroporation cuvette, chilled in ice. 
An electrical pulse (25JlF, 2.5kV, 2000hm) was delivered to the mixture by a 
BioRad Gene Pulser (Bio-Rad, Hemel Hempstead UK). Iml LB was added at 
room temperature before the mixture was transferred to a 15ml falcon tube 
(BD Biosciences, Franklin USA) and incubated for I hour shaking at 37°C 
IOOrpm. Spread plates of 200, 20 and 2 JlI were made on LB plates containing 
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Table 2.2 Primers, DMSO concentrations, annealing temperatures and extension times for PCR. 
PCR Upstream Primer Sequence Downstream Primer Annealing Extension DMSO 
Seguence TemEerature ~ C ) ) Time (s) concentration (%) 
ertIORF GGTCGATTCGGTccatggATT GAGCGCCggatccGCCGC 69 45 20 
TATGTTCTCTACG AC 
ertI5' Hank GACGAGGAGGTaCCACGC CTTTAGGCTgGaTCCCTC 66.3 25 20 
CTTAC 
ertI3' Hank GTCTCGGAtcCCGACTCGT CGCGGAGAACtaGTGCA 61.8 10 20 
C TCC 
pmde 5' CGAAATCTTTATCCACGAA GTTCGAACGCCCCTAG 61.8 10 10 
Hank TCGTGGTAGTAGCTACC GACTCGG 
pmde 3' CGGCGGTCGGATCCGCGC GCTTCTTCGACGACTGG 61.8 10 10 
Hank TACCAGGGCGG 
ertb2 5' GCAGCGGTGGGTACCTCT GTTTCGTGTGGGATCCC 61.8 10 15 
Hank GTCC GCGTC 
ertb2 3' CGGCGTGATGGATCCGCG CGATTCACTAGTCGGCG 62.6 10 10 
Hank AG TCTGCTCAACG 
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Table 2.3 PCR Cycling Parameters 
Step Cycles Temperature (C) Duration (min) 
Denaturation 1 97 2:00 
Denaturation 30 97 0:30 
Annealing 30 See Table 2.2 0:30 
Extension 30 72 See Table 2.2 
Extension 1 72 6:00 
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100 Jlg Iml ampicillin or 50 Jlg Iml kanamycin, dependant on the resistance 
cassette of the transformed DNA. Plates were incubated overnight at 37°C. 
2.19 DNA Agarose Gel Electropheresis 
0.8 to 1.5% (w/v) agarose (Fisher Scientific, Loughborough UK), dependant on 
the length of DNA to be visualised, was combined with tris acetate EDTA (TAE) 
buffer (40mM Tris acetate 2mM EDTA) at pH 8.5 and microwaved until ail 
agarose was dissolved. The solution was allowed to cool before ethydium 
bromide (EtBr) was added to allow visualistaion of DNA. The mixture was then 
poured into a mould and allowed to set. DNA samples were prepared in loading 
dye and run at 70-120v in TAE buffer before being visualised by UV 
transillumination. 
2.20 Recombinant Protein Expression 
E. coli BL21 or Rosetta containing pDR007 was grown to an OD600nm 0.4 before 
Isoproptl-beta-D-thiogalactopyranoside (IPTG) (Fisher Scientific, Loughborough 
UK) was added to a final comncentration of 0.1 mM in order to induce protein 
expression. Subsequently a 1 ml sample was taken each hour for four hours. The 
remaining culture was then harvested by centrifugation at 9kg for 15 minutes. 
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2.21 Poly Arcylamide Gel Electrophoresis 
12.5% reducing sodium dodecyl sulphate polyarylamide gel electrophoresis was 
performed in order to analyse protein expression. A 12.5% resolving gel was 
made by combining 4.17ml 30% acrylamide (Fisher Scientific, Loughborough 
UK), 0.5m12% bis-acrylamide (Fisher Scientific, Loughborough UK), 3.75ml IM 
Tris, 1 0 0 ~ 1 1 10% SDS, 1.5ml HPLC grade water, 8 . 3 ~ 1 1
tetramethylethylenediamine (TEMED) (Fisher Scientific, Loughborough UK) and 
3 3 ~ 1 1 ammonium sulphate (Fisher Scientific, Loughborough UK). A 5% stacking 
gel was made by combining 0.85ml 30% acrylamide, 0.35ml 2% bis-acrylamide, 
0.63ml IM Tris, 5 0 ~ 1 1 10% SDS, 3.15ml HPLC grade water, 1 O ~ 1 1
tetramethylethylenediamine and 3 0 0 ~ 1 1 ammonium sulphate. Gels were cast using 
BioRad Mini Protean III kit (Bio-Rad, Hemel Hempstead UK) as per the 
manufacturers instructions. 
Protein samples were prepared for loading by heating with loading buffer 
(Fermentas, York UK). Gels were run at 90v in the Mini Protean III apparatus 
(BioRad, Hemel Hempstead UK). Subsequently they were stained with Coomasie 
blue (0.25% w/v coomasie blue, 10% v/v acetic acid, equal parts MeOH and 
water) for 15 minutes before being destained in destain solution (30% v/v 
methanol, lO%v/v acetic acid) for an hour and visualised on a light box. 
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Chapter 3 
Bioinformatic Analysis 
Chapter 3 Bioinformatic Analysis 
3.1 Introduction 
Understanding how the biosynthetic pathways within an organism progress is 
very useful when studying the production of compounds by that organism. 
Bioinformatic techniques allow comparisons to be made between information on 
the organism being studied and information about other organisms. From such 
comparisons putative pathways can be built up, which may then act as guides as 
to what experimentation would glean the most useful information about the 
organism being studied. In this study such techniques could allow the production 
of a lycopene biosynthesis model pathway, which would allow more specific 
questions to be asked about its behaviour. 
Such pathways, whilst useful as guides, are limited in scope. Only proteins or 
genes present in other organisms can be found using this method, if the organism 
of interest has a novel pathway it cannot be elucidated. Additionally it is possible 
that some genes identified by bioinformatic comparisons may not be those 
involved in the pathway of interest in the organism being studied, as they may be 
related genes with different functions. Furthermore if an organisms entire genome 
has not been sequenced and published it is possible that all or part of the pathway 
being investigated will be unavailable to this sort of interrogation. 
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As well as producing putative pathways specific models can be made of cell 
components, based upon their sequence. These models, whilst not perfectly 
accurate, do give some insight as to the nature and possible function of the 
proteins studied in this way. 
The aim of this chapter is to describe the analysis of the Haloferax volcanii 
genome and related proteins with regards to lycopene production through the use 
of bioinformatic approaches. At the beginning of this study the pathway used by 
H. volcanii to synthesise lycopene was unknown, this chapter shows how a 
presumptive pathway was constructed through the use of bioinformatic 
techniques. Additionally this chapter aims to show the analysis of protein models 
constructed for several enzymes in this pathway. 
3.2 Carotenoid Biosynthesis Pathway Elucidation 
The biosynthetic pathway by which a compound is produced gives information 
that can be used to establish its importance to the cell, likely evolutionary origin 
and even function. For this reason it was decided that elucidating the biosynthetic 
pathway of lycopene in H. volcan;; would be a useful step in understanding the 
production and purpose of lycopene in that organism. To achieve this a 
bioinformatics approach was used. The genes commonly used in other organisms 
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were identified from literature (Michal, 1999) and their amino acid and genetic 
sequences acquired (expasy.org!sprotl). These sequences can be used to identify 
which of the pathways for lycopene synthesis are utilised by H. volcanii. 
The H. volcan;; genome has been sequenced and as such it is possible to perform 
BLAST interrogations on it with the previously identified sequences. In order to 
do this each amino acid sequence is entered into a BLAST engine, which 
compares these sequences to the translated H. volcan;; genome in order to identify 
any that match. Once sequences had been identified in this way, they were then 
used to interrogate a general BLAST engine of non redundant sequences to find if 
there were proteins they were more similar to than those found in the lycopene 
synthesis pathway. In both cases BLAST searches were carried out using the 
blastp algorithm with the BLOSUM62 matrix, gap costs were set at 11, 1. Only 
genes found to match on both BLAST searches were used to build the pathway. 
Restricting the genes used in the model in this way helps to remove false positives 
produced on the first BLAST, which could occur when H. volcanii does not 
contain the gene being searched for. The sequences selected can be found in Table 
3.1. and include those from the closely related Halobacterium salinarium as well 
as those from Lycopersicon esculentum and Deinococcus radiodurans. Where 
sequences from less related organisms were used the sequences in H. salinarium 
were presumptive or automatically annotated and those from other species more 
thoroughly characterised. 
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Table 3.1, Sequences selected for BLAST interrogation. 
Sequence Name (Original Organism) Potential Match E Value 
in H. volcanii 
Phytoene synthase (H. salinarium) CrtB2 le-113 
Phytoene desaturase (D. radiodurans) Crt! le-47 
Phytoene desaturase (L esculentum) None Found N/A 
Carotenoid desaturase (L. esculentum) None Found N/A 
Mevalonate pyrophosphate pMdc 3e-154 
decarboxylase (H. salinarium) 
Mevalonate phosphate pMdc 3e-97 
decarboxylase(M. jannaschii) 
Hmg-CoA reductase (H. salinarium) 0.0 
HmgR 
Hmg-CoA synthetase (L esculentum) HmgB 2e-93 
Gapp synthetase (D. radiodurans) IdsA 6e-22 
Mevalonate kinase (H. salinarium) Mvk 2e-151 
Mevalonate phosphokinase Mvk 2e-132 
(H. salinarium) 
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This series of interrogations showed that H. volcanii did not perfectly match any 
of the previously identified pathways from other organisms, however it was a 
fairly close match to that found in both H. saUnarium and D. radiodurans. The 
similarity of this match to an established pathway allows a fair degree of 
confidence that the model pathway constructed by this method is a reasonable 
representation of the H. volcanii lycopene biosynthesis pathway (Fig 3.1.). 
It can be seen that the lycopene synthesis pathway draws from central metabolism 
via Acetyl-CoA, additionally many of the reactions involved actively use ATP or 
NADH. The use of these compounds attributed to enzyme reactions is based on 
reactions studied for homologous enzymes in the literature (Michal 1999), apart 
from the phosphorylation steps applying either to mevalonate phosphate or 
isopentyl phosphate. As the enzyme responsible for this step was not identified by 
the BLAST search this reaction has a single ATP molecule assigned to it as this is 
required to donate the phosphate used in the reaction. 
Prior to the geranyl geranyl pyrophosphate (GGPP) synthesis step the pathway 
produces isopentyl pyrophosphate (IPP), this compound is known to be the start 
of the isoprenoid pathway, which leads to the production of many integral cell 
components, including fatty acids, sterols and compounds used in protein 
prenylation. It is reasonable therefore to see the pathway to this point as the start 
of the isoprenoid pathway and the carotenoid pathway as a branch of that larger 
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schema. As such for the purposes of studying carotenoids it is beneficial to focus 
on the segment of the pathway after IPP. 
All of the BLAST searches carried out to produce the pathway were restricted to 
matches with an expect value less than 0.1, this value represents the number of 
sequence hits that could be expected at the quality of the sequence hit in question 
when searching a database of the size being interrogated. This means that less 
than 0.1 hits of this quality would be expected by chance taking into account the 
search parameters (size of database, query sequence, match to target). 
All of the sequences selected had an expect value of less than 10-20 and as such it 
is highly unlikely that any of these sequences were unrelated to those used for 
interrogation. 
This segment, comprising CrtB2 and CrtI, processes GGPP into lycopene. The 
first step is the production of phytoene from GGPP. Four molecules of GGPP go 
to produce one molecule of phytoene, a carotenoid which absorbs outside of the 
visible spectrum. Phytoene is then desaturated by crlI to produce lycopene. This is 
similar to the method used by several archaea (Sieiro et al. 2003) and bacteria 
(Grochowski et al. 2006) and dissimilar to the two enzyme method of 
desaturation commonly seen in plants such as tomatoes (Michal, 1999). No 
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evidence of any carotenogenic enzymes beyond lycopene were discovered by the 
methods used. 
3.3 Protein Models 
The lycopene biosynthesis pathway can be seen to draw from central metabolism, 
starting as it does at Acetyl Co-A. From here it is used as a building block to 
synthesise mevalonate and thence isopentyl-pyrophosphate (lPP) , the first 
molecule in the isoprene pathway. IPP is formed into geranyl geranyl 
pyrophosphate (GGPP) and from this point the carotenoid biosynthesis pathway is 
initiated. The enzymes of the carotenoid synthesis pathway are CrtB2 and Crt!. 
CrtB2 forms GGPP into phytoene, then ert! desaturates phytoene to lycopene, 
inserting 4 extra double bonds. 
In order to gain insight into the function of these enzymes their sequences, 
translated from the genetic sequences, were modelled onto similar enzymes. J-
Tasser uses multiple models based on various proteins with high sequence 
homology, recursively comparing the models to one another until the best fit is 
found. The models produced this way (Figs 3.2 & 3.3.) map closely to the 
enzymes from Pantoea ananas (ert! Acc P21685) and Escherichia vulneris (CrtB 
Acc P22872) with few areas were a fit could not be achieved. In addition models 
made using different servers (Lommetts and I-Tasser) map closely to one another. 
These two facts suggest that the models are reasonably reliable. Upon 
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examination of the hydrophobicity of the residues in the ert! model (Fig 3.2) it 
can be seen that there is a significant hydrophobic patch in a cleft in the molecule, 
this suggests itself as the possible active site of the molecule as nowhere else 
would the highly hydrophobic carotenoid molecules sit. Additionally there are 
several residues close to this site, which it is possible may be involved in 
desaturation reactions (244-273), as they match similarly located residues in 
related proteins that perfonn those functions (Zhu et al. 2005). 
Analysis of the alpha helices seen in the ert! enzyme indicate the possibility that 
this enzyme is membrane bound (Table 3.2a.). The scores shown are produced by 
a combination of several weight matrices, based on statistical analysis of TMbase, 
a database containing all known membrane spanning protein segments (Hoffman 
& Stoffel 1993). Table 3.2a suggests that a three transmembrane structure 
consisting of residues 46-63, 223-245 and 499-517 would give the most likely 
structure. This would cause the protein to be split into two segments, with a large 
domain outside and a large domain inside the cell. Such a model accords poorly 
with that seen in Fig 3.2 and, additionally would disrupt the suggested active site, 
causing it to be split either side of the membrane. Alternatively a three 
transmembrane structure consisting of residues 46-63, 469-487 and 499-517 
would accord well with the model (Fig 3.2.) and conserve the predicted active 
site, whilst simultaneously maintaining the preferred orientations of all 
transmembrane helices involved. Additionally the proximity of 469-487 to 499-
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Fig 3.1 , The Presumptive Lycopene Biosynthesis Pathway in H. volcanii. Labels beside each arrow indicate the enzyme thought to be 
responsible for the step in the pathway. ATP and NADP use are marked on relevant arrows as is H+ and phosphate production. 
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517 would act to mitigate to some extent the lower score of the former, by 
ensuring its proximity to the membrane. The final piece of evidence 
suggesting the second model is more likely is that the helices involved match 
each other more closely in length, being 18-19 residues long, whilst the 223-
245 helix is 23 residues. This analysis whilst showing that the possibility of 
insertion into the membrane is there, added to the likelihood that this would 
not disrupt the presumed active site of the protein, does not constitute proof 
that this is a membrane bound protein. CrtB2 lacks strong evidence of trans-
membrane helices (Table 3.2b.) making it unlikely that this protein is 
membrane bound. The single potential transmembrane helix is found close to 
the C terminus of the protein and as such could be involved in anchoring the 
enzyme to the membrane, the low score, however makes this unlikely. 
57 
Fig 3.2 1-Tasser created model of ertI, based on a comparison to related 
proteins showing alpha helices, beta sheets and none ordered region . 
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Fig 3.3 1-Tasser created model of CrtB2, ba ed on a comparison to related 
proteins showing alpha helices, beta sheets and none ordered regions. 
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Fig 3.4 I-Tasser created model of ertI, based on a comparison to related 
proteins showing a spacefill model with a view of the proposed active site. 
Blue residues are non-polar, orange polar. 
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3.4 Discussion 
From the literature it is clear that there are at least two possible pathways to 
lycopene from IPP (Sieiro et al. 2003), one commonly found in plants and the 
other more commonly found in bacteria. Additionally we know that there are 
two paths to IPP from central metabolism, from acetyl-CoA and from 
pyruvate. The bioinformatic searches performed in this study have indicated, 
in both cases, which series of enzymes is used by H. volcanii. No genes for the 
pyruvate pathway, nor the carotenogenic pathway featuring multiple 
desaturases were present and therefore it seems that a pathway starting at 
acetyl-CoA and proceeding through a single phytoene desaturase is most 
likely. 
The use of expect numbers to restrict matches to those unlikely to be found by 
chance and the second BLAST of each sequence using the same stringency 
against the none redundant database increases the likelihood that the 
sequences found are genuine. Despite this it is not possible to say with 
certainty that the correct sequences have been identified when using a 
bioinformatics approach. 
Furthering the uncertainty that this is the correct pathway one essential 
enzyme appears to be missing. The nature of this enzyme, a phosphokinase, is 
evident, however its substrate is unclear. This is due to the fact that the 
presumptive mevalonate (pyro)phosphate decarboxylase (pmdc) has similarity 
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when BLASTed to both mevalonate phosphate decarboxylase and mevalonate 
pyrophosphate decarboxylase. The missing enzyme could therefore either be a 
mevalonate phosphokinase or an isopentyl phosphokinase. Additionally the 
mevalonate kinase identified shows good homology to both mevalonate kinase 
and mevalonate phosphokinase in other organisms, with about equal 
homology to each, with expect scores in the 10-3 range. The evolutionary 
history of mevalonate kinases contain two distinct families, separately 
evolved, one from nucleic acid kinases and one from sugar kinases (Smit & 
Mushegian 2000). Searches carried out with representatives of each family 
produced no new hits in the H. volcanii genome. There is the possibility that 
Mvk performs both the kinase and phosphokinase role in H. volcanii, however 
study of the protein itself would be required to ascertain if this is true. 
PSI-BLAST could have been used at this point in order to improve the 
accuracy of the results. This could have been useful when assessing the 
accuracy of the initial BLAST hits in the H. volcanii genome. PSI-BLAST 
replaces the BLAST matrix, in this case BLOSUM with a matrix constructed 
from an initial BLAST, it then uses this to recursively BLAST and rebuild its 
matrix until no further hits are found. The output of a PSI-BLAST search can 
be used to construct a tree of relationships between the proteins found. If this 
method were used during the second portion of the technique outlined in this 
chapter in which the H. volcanii sequence was re-BLASTed it would have 
been able to find deeper relationships, however for the purposes of this study 
the technique used was sufficient. 
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Each of the steps identified in this pathway has an established cost for the 
reaction in terms of ATP and NADPH. When these costs are added together 
they come to 24 ATP and 12 NADPH per lycopene molecule. This cost is high 
and as such it indicates that it is unlikely that the pathway is a remnant. If it 
were organisms with mutations in the pathway making it non-functional would 
be strongly selected for, leading to its loss by the organism. 
Additionally it can be seen from the proposed pathway that lycopene 
biosynthesis runs from phytoene synthesis, subsequent to IPP, thus it is 
possible that the pathway is regulated at the point of phytoene rather than 
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Table 3.2a, Transmembrane helices predicted by TMPred for ert/. ++ denotes 
a strong preference for a that orientation, + denotes a slight preference. 
Residues 
46-63 
223-245 
253-282 
469-487 
499-517 
Length Score 
Cytoplasm to Cell Exterior Cell Exterior to Cytoplasm 
18 1071 1384 ++ 
23 742 788+ 
30 125 + 25 
19 166 + 18 
19 664 962 ++ 
Table 3.2b, Transmembrane helices predicted by TMPred for CrtB2. 
Residues Length Score 
Cytoplasm to Cell Exterior Cell Exterior to Cytoplasm 
249-272 24 84 49 
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lycopene synthesis, or indeed at both positions. It is unlikely it is regulated at 
an earlier point in the pathway due to the fact that all other products are used 
in multiple different pathways and therefore would not be well suited to direct 
regulation of the carotenoid biosynthesis pathway specifically. 
The limitations of this approach, such that only previously characterised 
enzymes can be used to interrogate the databases, and only those portions of 
the genome fully sequenced can be interrogated, mean that questions as to 
enzymes specific to this organism, or of unidentified function cannot be found 
even if relevant to the pathway in question. Additionally bioinformatic 
interrogation cannot allow prediction of the function of the products of the 
pathway, in this case lycopene. Such questions must be answered using other 
techniques, such as the production of knockouts in the pathway and the 
cloning and analysis of enzymes. Targets for these techniques are suggested by 
the results of the bioinformatic interrogation and the presumptive pathway is 
central to the understanding gained by further experiments. 
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Chapter 4 
Lycopene Separation and 
Quantification 
Chapter 4 Lycopene Extraction and Quantification 
4.1 Introduction 
In order to analyse any biologically produced compound it is necessary to 
utilise a method that gives consistent, accurate results. It was decided that due 
to the small number of carotenoids known to be present in H. volcanii (Yachai, 
2009) it was appropriate to use high performance liquid chromatography 
(HPLC) as a method of separation and UV-Vis absorbance as a method of 
quantification. These combined techniques take advantage of the highly 
hydrophobic nature of lycopene as well as its unique absorption profile. They 
do, however require that any other compounds that might mask the lycopene 
signal are removed from the sample. Fortunately most compounds likely to 
interfere with analysis of the UV-Vis signal (such as proteins) are hydrophilic 
and as such can be separated with relative ease from hydrophobic components. 
The extraction of lycopene from H. volcanii has been performed by several 
methods, but almost exclusively as part of membrane extraction, rather than 
for the purpose of studying lycopene itself. Lycopene extraction from other 
organisms, such as tomatoes, is carried out routinely, however these 
procedures have been developed to extract carotenoids from plants, which 
have a markedly different physiology to archaea. For this reason it was 
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necessary to develop an extraction and quantification method for use in this 
project in order to produce reliable, replicable data. 
4.2 Lycopene Extraction 
In order to analyse the levels of lycopene within the Haloferax volcanii cell, it 
is first necessary to disrupt the cell membranes to allow access to the 
compound. We therefore developed a suitable method of lysis derived from 
the many different methods that are available in the literature (Dyall-Smith 
2009). 
The most common method of lysis used with H. volcanii when performing 
molecular biology, is through the use of a lysis buffer consisting chiefly of 
water and sodium dodecyl suI fate (SDS) as a surfactant (Dyall-Smith 2009). 
Whilst this method is efficient in lysing the organism, the use of SDS is 
undesirable as it can contaminate the final sample, potentially altering 
partitioning properties as well as running properties in HPLC. Fortunately H. 
volcanii can be lysed by exposure to pure water: due to its high intracellular 
ionic concentration, the introduction to pure water causes lysis by osmotic 
shock (osmolysis). This lysis, however, may not make lycopene fully available 
for extraction due to membrane fragments being left intact (Klein et al. 2005). 
It is therefore possible that further treatments may be necessary to give access 
to the lycopene. Physical methods such as sonication, freeze thaw and glass 
bead treatment are preferable to chemical methods to achieve this due to the 
lack of contamination, caused by these techniques. 
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Once cell disruption has been achieved it is then essential to separate the 
lycopene from other cell components to allow its quantification and analysis. 
The most important quality of lycopene with regards to its comparison to other 
components of a halophilic cell is its high hydrophobicity (Log P = 17.64, 
Meylan & Howard 1995). The hydrophobic nature of lycopene potentially 
allows for its extraction by partitioning from the aqueous to the organic phase 
of a solvent matrix. Access of the solute to the solvent is essential when 
performing an extraction of this kind. In order to increase this, greater mixing 
energy and other solvents miscible with both phases can be used to aid this. It 
is best, however, to use as few solvents as possible both in the interests of 
simplicity and to reduce possible contamination of the final extract. Hexane, a 
highly hydrophobic solvent, has been used in extraction of lipids and 
carotenoids from several sources (Aveldano 1988, Sosulski & Gadan 1988), 
and is therefore a good starting point for designing an extraction system. If a 
secondary solvent is required to aid miscibility and accessibility, propan-2-01 
is an appropriate choice due it being both water miscible and miscible with all 
organic solvents, including hexane. 
A series of extractions were performed on pellets of H. volcan;;. These pellets 
were harvested from stationary phase cultures (Section 2.), the stage of growth 
is when the greatest colouration was evident. These extractions were intended 
to develop the simplest and most efficient system for extraction of lycopene 
from H. volcanii. The first extraction method called for the mixing of H. 
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volcanii lysate, produced by osmolysis, with hexane. Osmolysis was carried 
out by the resuspension of pellets in 10 ml H2O. An equal volume of hexane 
was added to the lysate and mixed by inversion, 10-20 times, before being 
allowed to separate (Method A). This method resulted in some separation, but 
overall had a low efficiency (Table 4.1). The measure of efficiency was made 
by comparison of two successive extractions of the same sample. An efficient 
extraction would have the majority of the lycopene in the primary extract 
whilst an inefficient would have as much in the secondary extract, due to little 
lycopene being extracted initially thus allowing more to be extracted on a 
second attempt. The mass of lycopene in the samples was determined by 
HPLC (Section 2.12). In addition to being inefficient, this extraction method 
was also very time consuming as separating the aqueous and hexane into 
distinct layers took a considerable period of settling, typically 24 hours for 100 
ml total volume. To improve the efficiency of the extraction, two alterations 
were made to the method. The first was the addition of 2 lysate volumes of 
propan-2-01 to the lysate, before the addition of one volume of hexane 
(Method B). This had several beneficial effects, in addition to improving 
miscibility; it also caused many hydrophilic cell components to precipitate out 
of solution, making their separation from the hydrophobic components easier. 
The second alteration was the addition of a centrifugation step (1500 RCF, 30 
minutes, Megafuge 40R, Thermoscientific) after mixing with hexane, rather 
than allowing the mixture to separate under gravity. These two procedures 
resulted in an increase in efficiency to 71.3% compared to the 53% of the 
previous method. Despite these changes there was, however, still a substantial 
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fraction of lycopene remaining in the secondary extract (Table 4.1). The 
addition of the centrifugation step and propan-2-01 also led to the development 
of a new challenge to the extraction procedure, a pellicle now formed at the 
interphase between the two solvent layers, making it difficult to remove the 
organic layer without disrupting this body. There was, however, a significant 
benefit to this technique in that the material precipitated by the propan-2-01 
formed a pellet, ensuring it did not interfere with the organic layer. It is likely, 
therefore, that any lycopene remaining in the aqueous phase would be 
contained in the pellicle. This most likely arose from the incomplete 
membrane disruption at the osmolysis step which leaves pieces of membrane 
intact. To remedy this, a physical method of lysis, freeze-thawing, was added 
between the osmolysis and solvent addition steps. The samples were frozen to 
-80°C for 2 hours and then thawed to allow ice crystal formation to disrupt the 
cell (Method C). This met with some success as pellicle formation was 
reduced, although not eliminated, and the efficiency of extraction increased 
greatly, to 89.5% (Table 4.1). This result informed the decision to add in a 
second physical lysis step, this time between the osmolysis and freezing steps: 
that of sonication (Method D). Sonication was performed in 45 second bursts 
with 15 minute pauses for 5 minutes at 5 ~ m m amplitude (Soniprep 150, 
Sanyo). Whilst this primarily disrupted cell membrane sections it had the 
additional benefit of fragmenting genomic deoxyribose nucleic acid (DNA), 
which significantly reduces lysate viscosity. The addition of the sonication 
step did, as anticipated, increase the efficiency of the extraction even further 
(Table 4.1). 
70 
Whilst extraction levels and efficiency with Method D were high, it was 
considered that it might be possible to improve them further by optimising the 
miscibility of the solvents. This could be accomplished through the varying of 
the propan-2-01 proportion. A range of propan-2-01 ratios were tested from 
l.4to 2.4 lysate volumes, and a 1.6 lysate volume was found to be the 
optimum for efficiency (Fig 4.1). Propan-2-01 proportions of less than 1.6 
may be insufficient to allow the full access of the hexane. Whilst those greater 
than 1.6 may allow lycopene to stabilise in the aqueous phase or become 
associated with cell components that are then peIIeted. 
Once an optimal propan-2-01 contribution was determined it was considered 
that a smaller hexane volume would be beneficial for ease of handling and 
therefore a further experiment was carried out, halving the volume of hexane 
used in the process. This showed very similar efficiencies to a full lysate 
volume of hexane, with 71 Jlg being recovered in the primary extract, as 
compared to the 73 Jlg seen with 1 lysate volume of hexane and both showing 
less than 1.5% of this in the secondary extract. As such the lysate:propan-2-
ol:hexane ratio of 1: 1.6:0.5 was selected for all future work for both high 
efficiency of extraction and ease of handling. 
71 
Table 4.1, Extraction Efficiencies by Method. Yields (in !!g per 250ml 
stationary phase culture OD600nm 2.0 52 hours after inoculation) given by 
different extraction procedures, showing yield given when performed directly 
on lysate, primary extract and when performed on aqueous phase left over by 
extraction procedure, secondary extract. Extraction efficiency calculated as 
percentage of total extract in the primary extract. Standard errors are 
calculated from 4 replicates. 
Technique Lysis Solvent Ratio Primary Secondary Extraction 
Procedure Lysate:Propan-2-ol: Extraction Extraction Efficiency (%) 
Hexane Yield ( ~ ~ ) ) Yield ( ~ ~ ) )
A Water 1.0:0.0: 1.0 11.4 ± 2.1 10.1 ± 2.0 53.0 
B Water 1.0:2.0: 1.0 29.4 ± 5.1 10.9 ± 2.3 71.3 
C Water, 1.0:2.0: 1.0 43.3 ±4.7 5.1 ± 2.2 89.5 
Freezing 
D Water, 1.0:2.0: 1.0 69.7 ± 1.8 4.2 ±0.5 94.3 
Sonication, 
F r e e z i n ~ ~
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4.3 Lycopene Separation and Quantification 
Although lycopene extraction removes the majority of cellular components, 
lycopene is still not in a pure state. In addition, in order to measure the quantity of 
lycopene in any given sample it is necessary to be able to separate it from these 
cellular components. There are several methods available for the separation of 
similar compounds based on a variety of characteristics, the most common of 
these separate compounds based on their mobility in various solvent systems. 
High performance liquid chromatography (HPLC) and thin layer chromatography 
(TLC) are the most common methods used with hydrocarbons, such as 
carotenoids (Kachick et al. 1986). TLC allows separation of compounds 
according to their mobility in multiple solvent systems, giving an array of 
compounds separated along two axes. HPLC similarly separates compounds by 
using their mobility in varying solvents. HPLC takes advantage of a column based 
approach to separation. This approach is useful in that it allows variation of 
separation parameters based on a stationary phase and a mobile phase, which 
leads to great selectivity. Normal phase HPLC separates compounds based on 
their affinity for a non polar mobile phase over a polar stationary phase, this 
causes elution in order of polarity, with the most polar eluting last. Carotenoids 
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are highly non polar compounds. RP-HPLC is commonly used to elute 
hydrophobic compounds, as with a non polar stationary phase and polar mobile 
phase polar compounds are eluted first, removing them from the system. RP-
HPLC also gives better resolution of non polar compounds (Bakalyar et al. 1977). 
Another advantage of HPLC over TLC is that it allows a more quantitative 
approach to be taken, as each compound is able to be passed through a detecting 
apparatus after separation.The choice of detection apparatus is important in 
determining accurate identity and quantity of compounds. In the case of 
carotenoids the best choice is a spectrophotometer, as carotenoids have clear and 
distinct signals in an area of the ultraviolet-visible (UV-VIS) spectrum relatively 
devoid of interference from other organic components. This unique absorbance 
pattern is attributed to their large number of conjugated bonds, which absorb light 
at specific frequencies (Britton et al. 1998). In the case of carotenoids the patterns 
produced are a distinctive three peak structure in the visible spectrum. visible 
light is what give carotenoids the distinctive colours that they are best known for. 
Each carotenoid has a distinct visible spectra and as such it is possible to 
distinguish them based on their absorbance patterns (Britton et al. 1998). In order 
to do this it is necessary to use a photo diode array to scan a range of visible 
wavelengths as the sample moves past it. This allows a spectrum to be obtained 
for each peak on the chromatogram, thus 
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Fig 4.1, Variance in extraction yield with altered lysate:propan-2-o1 volume ratios. 
One volume of hexane was used in all instances. 0 Mean primary extraction 
yield. 0 Mean secondary extraction yield. Yields shown in flg per 250ml 
stationary phase culture OD600nm 2.0 52 hours after inoculation, error bars 
representing standard error calculated from 4 replicates. 
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allowing identification of particular carotenoids. In order to separate lycopene 
from the other extracted components it is first necessary to solubilise the entire 
final extract in an appropriate solvent. In order to gain an insight into the best 
solvent to use attempts were made to solubilise J3-carotene >95% purity (Sigma-
Aldrich, UK), a substance with a similar hydrophobicity and structure to lycopene 
(Fig 4.2), but much lower cost, in a variety of solvents. Methanol >99% purity 
(Fischer Scientific, UK) was the first solvent tested as this is low cost and 
relatively safe. It was found, however, that very little J3-carotene could be 
dissolved in pure methanol and addition of tetrahydrofuran (THF) >99% purity 
(Fischer Scientific, UK) improved solubility. Using this method it was found that 
J3-carotene could be solubilised at 1 mg/ml in 1: 1 THF:methanol. When lycopene 
was later solubilised in this same 1: 1 ratio from both pure stocks and samples it 
was found to go completely into solution. 
After choosing a solvent, column choice is the next essential step. Initially a 5 ~ m m
C8 prodigy column 250mm x 4.6mm internal diameter (Phenomonex, 
Macclesfield UK), was selected as it exhibits less retention of hydrophobic 
molecules than a longer chain (eI8) column. A lower amount of retardation is 
favourable in situations, such as that presented by lycopene, where the compound 
of interest exhibits significant hydrophobicity compared with the 
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majority of other substances passing through the column. 
Methanol was chosen initially as a suitable solvent for the mobile phase however 
it was found that lycopene failed to elute, likely due to the mobile phase being 
less favourable hydrophobically than the column. Tetrahydrofuran (THF) was 
again added at low concentrations until it was found that 1: 19 volume:volume 
ratio THF:Methanol could elute the standards quickly with lycopene eluting at 
205 seconds and ~ - c a r o t e n e e eluting at 260 seconds, cleanly with a symmetrical 
narrow peak and reproducibly, giving a CV of 1.2% for peak height with 4 
replicates from the C8 column. 
A standard curve allows a comparison of lycopene to ~ - c a r o t e n e e peak height to 
determine total initial lycopene mass in the sample, allowing ~ - c a r o t e n e e to be 
used as an internal standard in extractions. The standard curve was produced by 
dissolving p-carotene and lycopene in 1: 1 THF:MeOH to final concentrations of 
0.1 mg/ml for p-carotene in all cases and a range of concentrations from 0.025 to 
5 mg/ml of lycopene and running these standards using the isocratic HPLC 
method (Section 2.12). The standard curve also allowed the detection limits of the 
system to be tested, with the lowest level trialled, containing 0.025 mg/ml of 
lycopene, still being accurately detectable (Fig 4.3). As the final extracts from 
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Fig 4.2, The chemical structure of lycopene and p-carotene 
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cultures would be solubilised in 200 ~ l l 1: 1 THF:MeOH 20 ~ g g of f3-carotene 
would be added to each prior to extraction (Section 2. l1)After the establishment 
of the standard curve a culture of H. volcanii was grown up in HvYPC overnight 
(Section 2.9) to allow the system to be tested with a real extract. Lycopene was 
extracted using the method developed above (Section 2.11) (Fig 4.4). 3 replicates 
were processed identically and gave similar results, CV 3% on lycopene mass 
determined to be in the sample, an example trace can be seen in Fig. 4.5. Whilst 
the method developed to this point allowed accurate quantification of lycopene, in 
principle, it did not allow identification of the peaks by anything other than 
retention time. This flaw meant that it was possible that a compound that eluted at 
the same point as lycopene could cause errors in the results. 
For this reason it was decided that a Waters 996 photo diode array detector (PDA) 
(Waters, Elstre UK) would be used to record the spectrum at each point on the 
chromatogram over a range of wavelengths. These spectra can then be used to 
analyse the make up of a sample by comparison with the known spectra for 
carotenoids. Once the PDA was linked into the system a sample was injected and 
the subsequent trace produced analysed (Fig 4.5.). Comparison of the spectra of 
the presumed lycopene to the literature (Britton et al. 1999) confirmed that it was 
indeed lycopene. 
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Fig 4.3, Total Iycopene mass in the sample compared to lycopene absorbance 
(450nm) peak heightJp-carotene absorbance (450nm) peak: height with 0.1 mg/ml 
p-carotene. Standard error bars are computed from 4 replicates. HPLC apparatus 
set up as per the isocratic method for Iycopene analysis (Section 2.12). R2 0.99 
80 
Table 4.2, Chemical properties of lycopene and p-carotene 
Chemical Property Lycopene p-carotene 
Fonnula C4oH56 C40H56 
Molecular Weight 536.87 536.87 
Density (g/cm3) 0.941 0.888 
LogP 17.64 17.62 
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Fig 4.4 Extraction and Quantification of Lycopene from H. volcan;; 
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Fig 4.5, A chromatographic trace of a H. volcanii extract taken from H. vol ani; 
H26 showing peaks corresponding to the retention time of Jycopene (205 ec) 
and p-carotene internal standard (260 secs) 
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4.4 Discussion 
The results presented throughout this chapter demonstrate the development of a 
reproducible, accurate method of extracting and quantifying lycopene from H. 
volcanii. Once it was clear that the solvents selected, hexane and 
tetrahydrofuran: methanol , were capable of solubilising a significantly similar 
compound the use of a lycopene standard could then be justified. Experiments 
carried out with standard samples of p-carotene and lycopene produced a standard 
curve with very little error and a strong fit, allowing it to be used as an accurate 
measure in further experiments 
During optimisation of the extraction procedure it was noted that propan-2-ol 
balance was important, if either too much or too little was added this resulted in a 
reduced extraction efficiency. It is likely that too little propan-2-01 resulted in 
insufficient mixing between the organic and aqueous phases, leading to reduced 
solvent access and therefore lower efficiency. The reduced efficiency with higher 
propan-2-01Ievels is unexpected. It is possible that higher proportions of propan-
2-01 assist in stabilisation of the lycopene in the aqueous phase, reducing the 
amount transferring to the recovered organic phase. It is also possible that propan-
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2-01 mixed with hexane would cause the organic phase to be more polar, these 
two factors may reduce the difference in hydrophobicity between the phases, 
which could contribute to reduced lycopene yield. 
In addition to altering the miscibility of the solvents and increasing organic 
solvent access to the compounds of interest propan-2-01 also caused the formation 
of a precipitate upon its addition to the aqueous phase. It is reasonable to assume 
\ 
that this precipitate was formed of hydrophilic cell components (particularly DNA 
and proteins) which are known to precipitate out of solution in the presence of 
alcohol. The formation of this precipitate can therefore be seen as advantageous 
due to it reducing the chance of such components being carried over into the final 
sample and potentially contaminating the results. 
The choice of a photodiode array detector for the analysis of carotenoids was 
based upon a number of factors. The primary alternate method would be liquid 
chromatography mass spectrometry LC-MS, which, whilst applicable has a higher 
technical investment and was not as readily available as the PDA for use in this 
study. LC-MS gives the same values of rnIz for some carotenoids, such as 
lycopene and beta carotene with the same chemical formula (Hagiwara T et al. 
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1998), whilst their different elution points would still allow detennination of 
which carotenoid was being detected, it would rely on knowledge of retention 
times, much as the absorbance method without a PDA does. Additionally 
cholesterol based compounds and other lipids can interfere with LC-MS operation 
(Hagiwara T et al. 1998) and would require a greater time investment in 
optimising the technique. Despite these flaws an LC-MS method would allow 
more direct and accurate quantification of extracted carotenoids. It was decided 
that for the purposes of this work the PDA method was more appropriate as it 
alIowed a higher throughput, due to greater equipment availability, offered the 
advantage of direct identification of carotenoids based on absorbance and required 
less optimisation than an LC-MS method. 
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Chapter 5 
Changes in the Carotenoid 
Metabolite Profile of Haloferax 
volcanii Throughout Growth and 
Under Stress Conditions 
Chapter 5: Changes in the Carotenoid Metabolite Profile of 
Haloferax volcanii Throughout Growth and Under 
Stress Conditions 
5.1 Introduction 
Micro organisms can be partly characterised by their growth behaviours, doubling 
time, lag phase and growth rate in various media. In order to study a microbe it is 
important to ensure that these factors are not only known, but also reproducible 
across the experiments performed. With this in mind this chapter shows the 
reproducibility and timings of H. volcanii growth in all media used during this 
project. It also justifies the use of more than one type of medium, due to the need 
to perform experiments with more carefully controllable culture conditions. 
Once culture conditions and media to be used have been established this chapter 
then goes on to examine the production of lycopene during the various stages of 
cell growth. From here it proceeds to attempt to elucidate the possible roles of 
lycopene in the cell. The roles hypothesised and tested are based upon the 
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chemical and physical properties of lycopene, its extreme hydrophobicity, light 
absorbing ability and reductive nature. Each possibility is examined and from the 
data collected a likely role for lycopene, as well as some suggestions on the nature 
of its regulation are put forward. 
In addition to the study of lycopene throughout cell growth and under varied 
stress conditions the carotenoid profile of the archaeon is also examined, with 
insights into the carotenoid pathway and its intracellular behaviour gained through 
this. All cultures in this chapter were grown as per Section 2.9, extractions were 
performed and lycopene levels measured as per Sections 2.10-2.12 
5.2 Haloferax Growth Under Non-Stress Conditions 
H. volcanii, as most micro organisms, grows in a distinct pattern in liquid culture. 
This growth is characterised by an initial lag phase, in which little or no growth 
occurs as the cells acclimatise to their new conditions. This is followed by 
exponential phase, in which rapid cell growth and division are prominent as the 
organism makes use of the abundant nutrients available in the media. Next is the 
stationary phase in which few nutrients are available and the organism enters a 
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mode of growth best suited to starvation conditions. The final phase is death 
phase in which the majority of nutrients have been exhausted and the number of 
organisms decline as they die. As it is in exponential phase that the organism is at 
its most active metabolically it was decided that this would be the best starting 
point for investigation. 
In order to ensure that experiments conducted during the course of this 
investigation were in line with others performed upon this organism, it was 
necessary to establish protocols for handling H. volcanii. This was undertaken by 
analysing the literature characterisation of H. volcanii growth in liquid media 
before selecting a set of conditions appropriate to this investigation. As such 
growth has been well characterised in HvYPC (Zhou et al. 2008) each strain used 
in the investigation was grown in this broth and it's optical density across a time 
course recorded to establish similarity with published material and reproducibility 
(Fig 5.la). All other strains displayed similar growth, although in the case of the 
mutant strains the already variable lag phase was considerably extended (Table 
5.1 a). Apart from lag phase length variance all growth curves were highly similar 
in appearance (Fig 5.lb) regardless of strain and had only trivial differences 
between replicates. These results imply that working with H. volcanii in HvYPC 
produces reproducible growth within strain and is a reasonable medium to use for 
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cross strain comparisons. To determine if a culture has entered the exponential 
phase doubling must be established. To accomplish this it is important to validate 
any method used by comparison to viable count. In the case of H. volcanii, 
opticaldensity was selected as the most efficient, rapid means of establishing a 
point in the growth phase. This was compared to viable count measured using the 
miles misra technique and through direct visualisation under a fluorescence 
microscope with use of the Bac-Light live dead kit (Invitrogen, Paisley). There is 
a strong correlation between optical density and viable count measured by either 
miles misra (R2 = 0.99) (Fig 5.2a) or Bac-Light (R2 = 0.98) (Fig 5.2b). This 
correlation shows that optical density is a good indicator of viable growth during 
exponential phase in H. volcanii accordingly it was decided that this should be 
used as the measure by which culture growth phase should be established. With 
this criterion selected it was then possible to move forward with characterisation 
of lycopene production in exponential growth. 
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Fig 5.la, H. volcanii growth in HvYPC. Optical density is plotted against time 
since inoculation. Error shown is standard error from 4 replicates. 
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Table 5.1 Length of Lag Phase by Strain: This table shows the variation in tag 
phases in HvYPC of several H. volcanii strains detennined on a strain by strain 
basis. Mean time followed by variance is shown for each strain, 4 replicates were 
used in each case. 
Strain 
DS70 
H26 
H53 
~ T B P l l
~ T B P 3 3
Length of Lag Phase (h) 
24±4 
25 ±4 
25 ±3 
36 ± 12 
28 ±5 
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5.3 Lycopene Production During Growth 
That lycopene is produced by H. volcanii is a previously established fact (Bidle et 
al. 2007), however, when it is produced, how and in what quantities were 
unknown. For this reason it was decided to measure lycopene production 
throughout the exponential phase of H. volcanii growth, the phase in which the 
organism is most metabolically active. It was hypothesised that lycopene 
production would be seen to increase at a rate either accordant with the doubling 
of the cells or higher than this, as it had previously been established that lycopene 
was a highly energy expensive molecule to produce (Fig 3.1) it seemed reasonable 
to suggest that it would be produced during periods of energy abundance. In order 
to test this, an experiment was devised in which a sample would be taken every 
hour after a specific optical density, chosen to ensure that the culture had entered 
exponential phase. The selected optical density was 0.4 OD600, this point in the 
growth was selected as it could be repeatedly shown to be during early 
exponential phase (Fig 5.1), whilst still having enough cells present to be able to 
attain a measurable extraction of lycopene. The absolute mass of Jycopene in the 
culture throughout exponential phase remains relatively constant (Fig 5.3a.), as 
the number of cells is increasing this means that the level of lycopene per cell is 
94 
1.20E+l0 
1.00e+l0 
:::!l.ooe+og 
E 
~ ~
l ·OOE+09 
Q) 
:lS 
~ 4 . 0 0 0 + 0 9 9
2.ooe+09 
R' = 0.9856 
O.ooe+oo - I - - - - . . . . - - - - ~ - - ~ - - _ - - _ _ _ r - - ~ - - ~ - - - ~ - ~ ~
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0 7 0.75 
OD 600nm (AU) 
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is standard error from four replicates. Both scales are linear. 
Fig 5.2b, Fluorescence images taken using Bac-Light showing Optical Densities 
0.4,0.5 , 0.6 and 0.7 respectively, these images were used to calculate the number 
of cells in the culture 
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reducing (Fig 5.3b). The reduction of lycopene per cell throughout exponential 
growth suggested that production of the compound during this phase of growth is 
curtailed. Such a pattern of production is consistent with secondary metabolites, 
such as antibiotics (Takano et al. 1992). Many secondary metabolites are 
produced in stationary phase as a response to the stresses placed on the cell in 
these conditions. It is not unreasonable to think that lycopene may be used in such 
a manner as it is a strong antioxidant (Glauert et al. 2010) as well as a light 
absorbing compound capable of screening frequencies which may be damaging to 
proteins (Carolina 2004) (Fig 5.4). To discover if such production was indeed 
occurring lycopene levels in later stages of growth needed to be measured. To 
investigate the hypothesis that lycopene was produced in stationary phase at 
greater levels than in exponential phase an experiment was undertaken in which 
lycopene levels were measured both in exponential phase and stationary phase 
growth. This was performed by selection of a point in exponential phase as used 
previously and an optical density at which stationary phase growth was clearly 
occurring. It was decided by analysis of growth curves (Fig 5.1) that an optical 
density greater than 1.8 OD600 would be a suitable indicator of stationary phase 
growth. In addition 0.4 OD600 was once again used to sample exponential phase. 
The sample taken in exponential phase was checked for consistency against those 
taken in the exponential phase experiments at the same point to ensure that an 
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accurate characterisation was being made. The comparison between the levels of 
lycopene in exponential and stationary phase growth show a highly significant 
difference by t-test (p<O.Ol), with lycopene levels being higher in stationary 
phase growth (Fig 5.5.). The question that now presents itself is what the function 
of lycopene might be. The answer to this may lie in the nature of lycopene itself 
and therefore consideration of its properties as a light absorbing and chemically 
reducti ve compound are of great interest. 
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Fig 5.3a, Lycopene levels ( ~ g g of Iycopene present in 200 mJ culture) again t time 
since start of exponential phase. Error bars show standard error from 4 replicates. 
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5.4 Lycopene Production Under Stress Conditions 
It is not uncommon that a compound be produced by an organism only when 
necessary. For this reason it is possible to use an assessment of a response in 
production of a compound to assess its function. In this case it was decided that in 
order to determine if lycopene's light absorbing characteristics played a part in it 
being useful to the cell the production of lycopene in the dark and under 
illumination should be considered. To investigate this H. volcanii cultures were 
grown, 5 of these cultures exposed to light and 5 not, with sunlight during the day 
and electrical illumination by night to ensure the lighted half was stimulated and 
aluminium foil wrappings to keep the dark cultures from the light. Cultures were 
sampled across exponential phase and in stationary phase. The lycopene levels in 
each culture were then analysed and it was discovered that there was no 
significant difference between the light and the dark cultures (Table 5.2). It was 
therefore considered unlikely that lycopene functioned as a protective agent 
against light. 
As lycopene is significantly reductive (Glauert et al. 2010) as well as light 
absorbing it was decided that an appropriate stress to expose the organism to 
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would be oxidative stress. In order to induce the stress an appropriate means of 
causing an increase in reactive oxygen species (ROS) in a controlled way is 
necessary. It was therefore decided that a controlled amount of hydrogen peroxide 
would be used in order to apply the necessary treatment. This, however, presented 
a new problem as HvYPC is a rich medium containing several reducing agents in 
uncontrolled amounts; it is therefore clearly unsuitable for use in an experiment in 
which the levels of ROS . are critical. For this reason it was decided that a 
chemically defined medium was required. 
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s.s Chemically Defined Media Development 
Chemically defined media open up the possibility of performing certain 
experiments, such as those inducing chemical shock and removal of specific 
media components, to allow a more full analysis of the behaviour of the organism. 
Pre-existing chemically defined media were noted to be none functional in liquid 
culture (although functional as solid medium). For this reason it was necessary to 
modify the basic media production in such a way as to allow the growth of the 
archaeon. 
The base media used as starting point for development was Thorsten Allers 
HvMin. It was decided that, firstly, a single carbon source should be selected in 
order to minimise complicating factors in growth. As lactate is easily metabolised 
by many organisms it was decided that sodium lactate would be an appropriate 
carbon source. The media was then produced exactly as HvMin, with the mixed 
carbon source replaced with 20% sodium lactate. This still failed to show any 
growth and so it was necessary to consider what other changes might help to 
stimulate H. volcanii. Calcium chloride is an integral 
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Table 5.2 Lycopene levels in ~ g g per 200ml culture in H. volcanii DS70 grown in 
light and dark conditions. Error shown is standard error from four replicates. 
Time Since Innoculation (h) Light ( ~ g ) ) Dark ( ~ g ) )
16 3.9±0.3 4.2 ±0.4 
17 4.1 ± 0.2 4.1 ± 0.5 
18 3.9 ±0.4 4.4 ± 0.4 
19 4.3 ±0.3 4.2±0.2 
52 63.2 ± 8.1 61.5 ± 10.2 
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part of any H. volcanii medium, including that of HvYPC and for this reason an 
increased level of calcium chloride was considered to be a potential remedy to the 
lack of growth. When an extra 1 mmol of calcium chloride was added growth was 
observed. The media produced in this way was designated Hv Na-Lac. Successful 
production of a chemically defined medium allowed the planning of the desired 
oxidative shock experiments; it also, however, required that the new media be 
shown to work similarly to HvYPC to ensure that accurate conclusions were 
drawn. 
For the purpose of comparing HvYPC with Hv Na-Lac a series of experiments 
were needed in which certain behaviours already characterised in HvYPC could 
be analysed in the new medium. Growth patterns in HvYPC and Hv Na-Lac were 
compared in order to establish that growth in the new media was similar. It was 
observed that, whilst in Hv Na-Lac a longer lag phase was typically observed the 
exponential and stationary phases proceeded on a time scale concordant with that 
of HvYPC (Fig 5.6a) for H. volcanii DS70. This suggested that the organism 
behaved similarly in both media. Other strains to be used in the subsequent 
experiments were then tested to assess their individual growth rates and establish 
if they were comparable to one another in the new medium. The strains used in 
this analysis were H. volcanii DS70, H53, H26 and ~ T B P 3 . . These were selected 
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as H26 is the most similar to the knock-out strain, whilst H53 is the mutants 
parent strain and OS70 the wild type isolate. It was shown that all strains showed 
similar growth in Hv Na-Lac (Fig 5.6b). This encouraged the use of Hv Na-Lac 
for subsequent experiments. 
Lycopene production in Hv Na-Lac if different to that observed in Hv YPC would 
need to be reassessed for all previous experiments. The experiment assessing 
lycopene levels in exponential and stationary phase was repeated with Hv Na-Lac 
cultures, with the result that no significant difference was found between the 
levels in Hv Na-Lac and those in HvYPC, 4 replicates were performed and were 
found to be statistically similar (P>O.9) by ANOVA at both growth phases. It was 
therefore concluded that for the purposes of this project both media caused 
behaviour of a highly similar nature during growth and therefore Hv Na-Lac 
could be used appropriately in the subsequent stress level experiments. 
5.6 Carotenoid Production Under Oxidative Stress 
Lycopene's nature as an anti oxidant, capable of reducing ROS such that they no 
longer pose a danger, is a possible reason for its production by the cell. In order to 
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assess if this is indeed the case an experiment was designed whereby several 
cultures of H. volcanii would be set up in parallel with a group of controls and a 
separate group to be subjected to oxidative shock. From the literature available 
(Tian et al. 2007) it was determined that 1 00 ~ M M hydrogen peroxide would 
produce such a shock without proving lethal to most organisms. Accordingly the 
experimental group were treated with this concentration of hydrogen peroxide 
after a designated point in the growth curve. As with the earlier experiments in 
this section 0.4 OD600 was chosen as this point, both for consistency and as 
changes due to shock were likely to be more readily detectable when levels of 
lycopene were low, as they are in exponential phase (Fig 5.5.). After treatment 
samples were taken every hour for four hours both from the control and 
experimental groups. The control showed no difference when compared to the 
previously observed lycopene levels for exponential phase growth. The 
experimental group, showed a slight, but clearly significant (P<O.Ol) difference. 
Across all time points the lycopene levels in the experimental group could be 
clearly seen to be lower than those of the control (Fig 5.7) This, it seems likely, is 
caused by a depletion of lycopene as it reacts to the hydrogen peroxide and, whilst 
indicative of an interaction between the stress and the compound, this does not 
constitute a reaction on the part of the cell. 
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Whilst studying the chromatograms taken from this experiment, however it was 
noted that a peak (elution time 301s) neither representing lycopene (elution time 
205s) nor the p-carotene standard (elution time 260s) varied across this 
experimental group throughout the time course of the experiment, whilst in the 
controls it remained steady. Given that this peak absorbed at 450 nm, the 
wavelength at which the chromatogram was recorded, it seemed likely that this 
may represent another carotenoid within the cell. Looking at the elution time of 
the peak and then considering the properties of other carotenoids identified as 
being present in H. volcanii it was considered that this peak may prove to be 
phytoene, the precursor to lycopene. 
To assess this a gradient HPLC method with an in line photo diode array (PDA) 
detector was used (Section 2.12). Once the peak suspected to be phytoene was 
eluted the spectrum was obtained (Fig 5.8). This spectrum was compared to 
published values of carotenoids in several similar solvent systems (Britton et al. 
1998) as the solvent system used (1:19 THF:MeOH) was not one in which the 
compound had been characterised. This analysis indicated that the eluant in 
question was indeed phytoene, which allowed the analysis of the data collected 
previously to be performed in light of this. The variation in phytoene levels under 
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oxidative stress (put in data showing stress response) was considered an important 
factor to analyse as variations in the precursor could compensate for variations in 
lycopene itself. This could be so if, for example, the cell had a pool of phytoene 
from which new lycopene could be quickly synthesised, thus compensating for 
the drop in the levels of lycopene. This would, however create noticeable effects 
in phytoene levels, such that they would be seen to decrease and, once the cell 
responded to the drop, then be seen to increase once more. In order to ensure that 
any increase or decrease in phytoene levels was genuine rather than an artefact of 
extraction the peak height of the phytoene peak was converted into a ratio 
between itself and the p-carotene standard, much as the peak height of the 
lycopene peak was prior to estimation of its true amount. Direct calculation of 
lycopene concentration using literature molar extinction coefficients were not 
suitable for this analysis as losses during extraction could cause variations in the 
results. Phytoene, unlike lycopene, is not readily available to use as a standard and 
therefore no calibration curve could be built to estimate the true amount of 
phytoene. Instead the absorbance ratio was used as an approximation of this and 
an indicator of phytoene levels. When compared to the ratios obtained from the 
control samples, which remained constant throughout exponential growth in a 
similar manner to lycopene, the phytoene levels in the experimental sample were 
seen to first decrease sharply before recovering to levels greater than their original 
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base state (Fig 5.9a). This is likely due to lycopene levels dropping when attacked 
by hydrogen peroxide and then being replenished rapidly, drawing on the 
phytoene pool for a quick response. 
It was hypothesised that should the cell be subjected to a strong enough oxidative 
shock it would be reasonable to think that lycopene destruction would increase to 
such an extent that the pool of phytoene acting as a buffer would be exhausted and 
lycopene then be depleted as a result. In order to investigate this, the prior 
experiment was repeated with an increased hydrogen peroxide concentration, 1 
mM. This increased concentration caused no significant change in the behaviour 
of phytoene (Fig 5.9b), however lycopene was seen to decrease and then increase 
significantly (P<O.OI in both cases by ANOVA) in a similar manner to that 
observed for phytoene under both shock conditions (Fig 5.10). 
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5.7 Post Lycopene Carotenoid Products of H. volcanii 
Whilst analysing the chromatograms prepared during interrogation of the 
oxidative shock experiments several peaks were noted prior to the elution time of 
lycopene (320s). These peaks at elution times 183s and 249s were initially 
thought to be degradation products. When the spectra of these peaks were 
elucidated (Fig 5.11 a and b) the spectra showed a clear three peak structure. 
characteristic of carotenoids, but different to that of lycopene. As these peaks 
appeared to progress towards the solvent front in a reasonably regular sequence it 
was decided to check the solvent front for any similar spectra showing three peaks 
and, when this was done, one was found. To isolate this from the background 
noise present in the solvent front due to its containing cell components that did 
not adhere to the column it was decided to alter the gradient of the solvent system, 
starting at 1:9 Water:MeOH and proceeding to 1:19 THF:MeOH over 30 minutes, 
in order to increase peak separation. This done a third and fourth carotenoid peak 
ahead of lycopene could be distinguished and a spectrum obtained. 
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It was decided that a comparison of the shift caused to peak absorbances of both 
lycopene and phytoene in the running solvent against pure methanol would be 
assessed. It was discovered that peak absorbance varied by around 5-20 nm above 
the spectrum in methanol in all cases, with greater differences at longer 
wavelengths. This infonnation allowed for an assessment of carotenoid profiles in 
methanol to be used to show which of this family of compounds the extra peaks 
were. 
Upon an interrogation of the literature spectra for carotenoids (Britton et at. 1998) 
it was discovered that the most likely candidate for peak four (Fig 11 c.) was 
likely to be bacterioruberin. As bacterioruberin is typically produced in a four step 
process by which similar hydrocarbons are added sequentially to each end of a 
lycopene molecule and oxygens then added (Schweitzer et al. 1966) it was 
suggested that the other unidentifiable compounds may well be these interim 
steps. The regular dispersal of the peaks on the chromatogram along with the 
increasing hydrophilicity, produced by added oxygen groups with each addition, 
would also fit this conclusion. 
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5.S Discussion 
Once it was established that H. volcanii strains perfonned in our hands in a 
comparable way to the manner recorded in the literature it allowed for studies on 
lycopene production to commence. Whilst initial experiments were conducted in 
the commonly used Hv YPC later experiments requiring greater control over the 
components of the medium were then conducted in Hv Na-Lac a chemically 
defined medium developed for this project. Although a longer lag phase was 
typically observed in Hv Na-Lac similar growth post lag phase and similar 
lycopene content at all conditions tested were enough to assure us that no 
meaningful differences came from the altered culture conditions. It was 
discovered that lycopene levels on a per cell base decreased during exponential 
phase, counter to the initial hypothesis. When Iycopene levels were sampled 
across a broader range of the growth curve it was then discovered that they were 
highest in the stationary phase of growth. In the stationary phase cell resources are 
stretched, as such fewer none essential genes are active (Brock 2008; Gregor & 
Pfeiffer 2005) and lycopene production is an extremely energy intensive process, 
using 24 ATP and 12 NADH per molecule (Fig 3.1.), suggesting that it is 
important for cell viability in stationary phase. 
124 
As the role of lycopene within the cell has not been previously established, it 
cannot be claimed with any certainty that it is a necessary compound for cell 
viability, however. 
It could, given the function of lycopene as a precursor to other carotenoids be 
simply an artefact, a pathway remaining in the cell subsequent to its later, 
functional part being lost. 
The high energy requirement coupled with its production during the most energy 
deficient phase of the cells life, however, indicates that it is unlikely to be an 
artefact of a former cellular process, as this would then favour cells which became 
Iycopene deficient and would likely have rapidly encouraged the removal of the 
pathway from the organism due to the pressures of competition. If it is, as seems 
likely, not an artefact it, or its product, bacterioruberin must 10gicaJJy be a 
functional compound within the cell. 
As lycopene has several important properties which may be utilised by the cell the 
determination of a likely function was not a trivial task. The most likely roles that 
lycopene might play in the furtherance of the cells function were a protective 
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agent, either against light or oxidative shock, given its high proportion in the 
membrane of the cell and extreme hydrophobicity. These two possibilities lead to 
the logical assumption that lycopene levels will respond to light levels or 
oxidative stress. Over the course of this chapter I have shown that lycopene in 
none mutant H. volcanii does indeed respond to oxidative stress, although not to 
light exposure. Whilst lycopene levels simply drop in response to low level 
oxidative damage, a reasonable occurrence regardless of function as ROS degrade 
lycopene, it is the cells response to high levels of oxidative attack that provide the 
most interesting results. The response of the cell to oxidative attack is to increase 
lycopene and phytoene production rapidly, scaling production to such a degree 
that the level of lycopene quickly exceeds base levels. This response suggests that 
the cell does indeed require lycopene in these circumstances as a protective agent. 
It is not, however, conclusive that the cell responds to the stress and not simply to 
the depletion of lycopene. The lack of response to other forms of stress, however, 
does indicate that lycopene is not up regulated by the cells generalized stress 
response. This is interesting in light of its increase in stationary phase growth, as 
many changes that occur at this time are due to the generalized stress response of 
the cell to the conditions (Kultz 2003). It must therefore be considered that 
lycopene production is being up regulated at this phase of growth independently 
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of the global response and in response to a specific trigger, likely either nutrient 
depletion or the increased levels of ROS produced by the organism during this 
period. Until recently it was commonly thought that the production of ROS in 
cells would slow during stationary phase, due to a reduction in metabolism. It 
now seems, however, that this is not the case (Nystrom 2004). In stationary phase 
growth it appears common for organisms to undergo an increased oxidative stress, 
with oxygen removal often being able to alleviate loss of viability in stationary 
phase (Nystrom 2004). The requirement for protective systems against oxidative 
damage in other organisms for stationary phase survival suggests that whatever 
means H. volcanii uses to protect itself from reactive oxygen species would also 
need to be up regulated during this phase of growth, particularly during early 
stationary phase, when it is suggested that errors in protein production and 
misfolding may lead to an oxidative burst (Nystrom 2004). 
A further possibility is that bacterioruberin provides the protective effects noticed 
and that the change in levels of lycopene may be in response to bacterioruberin 
production, much as the changes in phytoene levels are suggested to be in 
response to Iycopene production. 
In conclusion the results of this chapter indicate that lycopene protects the cell 
127 
from oxidative attack and suggest that the cell up regulates the production of this 
compound in these circumstances, they do not, however prove this. 
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Chapter 6 
Construction of Gene Knockouts 
and Cloning for Heterologous 
Protein Expression 
Chapter 6 Construction of Gene Knockouts and Cloning for 
Heterologous Protein Expression 
6.1 Introduction 
Whilst analysis of the behaviour of wild type organisms is important when 
studying the function of a particular compound produced by a cell it can only 
tell us so much. To be able to more fully understand the role of a particular 
compound it is useful to compare wild type behaviour to that of organisms 
deficient in the compound of interest, in this case lycopene. Working with an 
organism deficient in the compound of interest has several advantages, 
primarily it allows comparison of the wild type and the deficient strain in 
order to gain insights into the function of the compound. Experiments of this 
type allow the comparison of environmental factors that may affect viability in 
each strain such as oxidative stress, heat and light levels. In addition it a]]ows 
the comparisons of each strain under normal growth conditions, which 
indicates at what phase of growth the compound of interest is of particular 
importance. 
In order to achieve this it is necessary to produce organisms deficient in the 
compound of interest. There are a number of techniques for achieving this end. 
A common technique used, particularly for those traits which are 
phenotypicaly easily identifiable, such as colour, is to bombard the organism 
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with ultraviolet radiation to cause mutations. UV radiation causes several 
different forms of mutation, by inducing strand breaks and thymidine dimers it 
can cause deletions, frame shifts and substitution mutations. All of these 
mutations can produce organisms deficient in a particular compound, thus 
simple exposure to UV followed by thorough screening of the viable progeny 
of the irradiated strains is all that is necessary. Particularly in the case of 
carotenoid production the selection of candidate strains for screening is a 
simple task as all that is required is to select those strains which present a 
white phenotype and assess their carotenoid content. When this technique is 
used for phenotypes that are more difficult to detect it can become highly 
labour intensive due to the level of screening required, but for the purposes of 
this project it is a reasonable method. 
The downsides of random mutation induced by UV bombardment are the 
possible induction of mutations in genes other than those of interest. If this 
occurs it can lead to results being due to unintended mutations rather than 
those that are desired. Unintended mutations are difficult to screen for, as it 
would require screening the entire genome, it can therefore be appropriate to 
use a directed method for producing these mutations. 
Targeted gene knockouts are such a method which can selectively remove 
specific genes from the organism without affecting the rest of the genome 
negatively. In general these methods involve homologous recombination, 
which removes the target gene from the genome and either replaces it with an 
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alternate gene, usually a marker, or a blank stretch of DNA. Typically systems 
which substitute a marker gene are superior as they allow selectivity for 
knockouts rather than simply for organisms that have taken up the knockout 
vector. Such a system is available for H. volcanii. produced by Dr. Thorsten 
AIJers, University of Nottingham, which is a candidate for use in this study. 
6.2 UV-Induced Gene Knockouts 
There are several possible sources for mutants deficient in the production of 
lycopene. When an organism is bombarded with ultra violet (UV) radiation 
this often results in mutations in several of its genes. A collection of H. 
volcanii strains produced in this way was kindly made available by Dr. 
Thorsten AIJers University of Nottingham. From these strains several that 
presented a white phenotype when examined on plates were selected. It was 
thought that these may be deficient in carotenoid production and could be used 
for comparative studies with wildtype strain. 
To ensure the strains (H506, H514 and H529) were in fact lycopene deficient 
they were grown in HvYPC before carotenoids were extracted (Section 2.9-
2.12). HPLC analysis of the extract showed that these strains, despite having a 
white appearance on a plate, did contain lycopene (Fig 6.1). Additionally they 
showed a pale red phenotype when grown in liquid culture. It was noted, 
however that the mutant strains had reduced lycopene levels compared to the 
wildtype strain DS70 (Table 6.1). From this it was concluded that, whilst 
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Table 6.1, Extraction Yields ofUV Induced H. volcanii Mutant Strains 
Compared to Wildtype. Yields given are in Ilg per 250 ml stationary phase 
culture OD600nm 2.0, 52 hours post inoculation. Standard errors calculated 
from three replicates. 
Strain 
H506 
H514 
H529 
DS70 
Yield (Ilg) 
66.2 ± 1.6 
63.0 ± 3.4 
58.4 ± 2.0 
70.2 ± 1.1 
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lycopene production may have been reduced, it had not been eliminated. As 
the reason for this down regulation was not evident, it could have arisen from 
a mutation in a large number of different pathways; these strains were not used 
in further analysis of lycopene production in H. volcanii. 
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6.3 Targeted Gene Knockouts 
As opposed to UV bombardment, which produces random mutations, targetted 
gene knockouts seek to selectively remove specific genes from a genome. To 
do this they first require amplification of the regions of DNA either side of the 
gene to be knocked out. The gene was first located by searching an electronic 
copy of the genome and an area of around 1500 bp was copied from each side 
of the gene into a text file. Primer sites were then located to allow the insertion 
of restriction digest sites compatible with the plasmid vector to be used and 
gain an adequate yield of PCR product. The genes selected for this were ert!, 
ertb2, pmde and mvk. They were selected due to their potential significance in 
the biosynthetic pathway (Fig 3.1). The restriction enzyme sites used in these 
primer pairs were KpnI and BamHI for the 5' flank, with BamHI being the 
downstream primer and SpeI and BamHI for the 3' flank with BamHI being in 
the upstream primer. Once PCR primers had been designed (Table 2.2) the 
next step was to acquire peR product. 
PCRs were run using all designed primer pairs with genomic DNA extracted 
from H. volcanii. Each set of primers was run on a temperature gradient, in 
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order to determine the best annealing temperature to use, with the brightest 
single band selected, pmdc 5' flank and mvk 3' flank showed no bands at any 
of the annealing temperatures used and therefore the primers for these were 
redesigned. The annealing temperatures for crtb2 and ert! 3' and 5' flanks were 
selected (Table 2.2) and a DMSO gradient was used in an attempt to improve 
yield of PCR product without greatly increasing mispriming. The DMSO 
gradients were analysed by selecting the brightest band single band from an 
agarose gel (Section 2.18) on which PCRs performed with DMSO 
concentrations from 0% to 40% final PCR volume were run. This analysis 
showed high concentrations of DMSO gave the best results (Table 6.2) for 
these PCRs. This is not uncommon for PCR products produced from H. 
voleanii, due to its high genomic GC content. The identification of optimal 
running conditions for the PCRs allowed for larger volumes to be used in an 
attempt to secure a higher yield for cloning. 
The knockout procedure requires a plasmid vector containing the flanks 
cloned from beside the gene of interest, a TrpA gene between these flanks and 
a PyrE2 gene to be produced. The plasmid construct pTA131 (Section 2.3) 
contained PyrE2 and a multiple cloning site into which the PCR products and 
the TrpA gene (with promoter) can be inserted. The PCR products were 
digested in double digests (Section 2.15) using FastDigest enzymes and buffer 
(Fermentas, York UK). The vector was digested in identical conditions and 
the digestions appeared to go to completion (Fig 6.2). The digested vectors 
were treated with Antarctic phosphatase (Promega, Southampton UK) and 
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purified before ligation was performed with the appropriate flanks (Section 
2.16) Both the 5' and 3' flanks for both ertI and crtb2 were treated in this way, 
as it was decided that if both flanks were successfully cloned it would be 
simpler to cut a flank from a plasmid for ligation than to attempt to cut To 
determine if the plasmid vector recovered in the attempt to make the knockout 
vector were in fact religations with mismatched digestion sites a digestion 
analysis was carried out. This required digesting the vector with the enzymes 
used in the initial digestion to check if the sites were still intact as well as 
digesting the vector with enzymes that would give a recognisable pattern 
confirming the identity of the plasmid. This analysis showed that the plasmid 
had indeed religated with mismatched sites as the identification was consistent 
with the plasmid, whilst digestion with KpnI and SpeI failed entirely. As 
religated vector was being recovered it was postulated that the problem may 
be in the digestion of the peR products, as the successful digestion of these is 
impossible to tell by gel analysis, due to the fact that the removed DNA 
fragments make only a very minor difference in the size of the peR product so 
a change in size is not readily detectable. 
The peR products were treated with a T4 polynucleotide kinase (Promega, 
Southampton UK) before they were ligated into longer pieces of DNA formed 
from multiple peR products, more amenable to digestion by restriction 
endonucleases. In addition to making the sites more easily digested the longer 
DNA fragments were readily identifiable on an agarose gel and size changes 
were clear, showing successful digestion much as with a plasmid. The ligated 
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Table 6.2 Optimal DMSO Concentrations. DMSO concentration is represented 
by percentage of final PCR volume. Optimal concentrations were determined 
by selection of the brightest single band on an agarose gel on which PCRs 
performed with DMSO concentrations from 0% to 40% final PCR volume 
were run. 
PCR 
en/5' Flank 
ert! 3' Flank 
ertb2 5' Flank 
ertb2 3' Flank 
DMSO Concentration (%) 
20 
20 
15 
10 
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Fig 6.2.Digestion of pTA131 with BamHI, KpnI and SpeI, lanes I and 7 are 
promega 1 kb ladder, lanes 2 and 3 are pTA131 cut with BamHI in buffer 3 
and 2 respectively, lane 4 is undigested pTA 131, lane 5 is pTA 131 cut with 
KpnI, lane 6 is pTA131 cut with SpeI 
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Table 6.3. Transformation efficiency of ligated plasmids. Transformation 
efficiency is given in colony forming units per ml. 
Ligation Transformation Efficiency (Cfulml) 
pTA 131 + crtl 5' Flank 
pTA131 + crtl3' Flank 
pTA131 + crtb2 5' Flank 
pTA131 + crtb2 3' Flank 
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70 
25 
100 
30000 
PCR products were digested with enzymes appropriate to the primers used in 
the PCR. The fragments of digested DNA were then gel purified (Section 
2.18) for use in production of the plasmid vector for the knockout. 
The plasmid containing the ert! 5' flank (pDROOl) was digested such that the 
crt! 3' flank could be inserted. It was then treated with antarctic phosphatase 
for double the standard time before heat inactivation and purification. It was 
then added into a ligation reaction with the crt! 3' flank overnight on ice. Once 
the ligation reaction was completed the resulting plasmid was used to 
transform E. coli ToplO cells. Recovery was 15000 cfulj..tgml and upon 
digestion analysis it was determined that both flanks appeared to have been 
successfully inserted. Digestion analysis alone, however does not check for 
exactly what DNA is present, only it's size. It was therefore possible that 
fragments of DNA of similar size to the flanks, or with mutations making them 
unfit for purpose had been inserted. 
Screening the plasmids for incorrect insertions was performed by direct 
sequencing of the DNA insert using T7 primers, the sites for which are present 
in the vector. Sequencing results confirmed that the construct had been created 
successfully and this plasmid (pDR002) was taken forward to the introduction 
of the TrpA gene required for selection of knockouts. 
The TrpA gene did not need to be cloned directly from H. volcanii genomic 
DNA as it was already available with appropriate restriction digest sites in 
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pTA298. pTA298 and pDR002 were digested with BamHI. pDR002 was then 
treated with Antarctic phosphatase, which was then heat inactivated, the 
resulting cut vector was purified. The TrpA gene and cut pDR002 were then 
ligated together and transformed. The resulting plasmid was checked by 
sequencing and digestion analysis, both of which confirmed it as the correct 
plasmid, designated pDR003. The successful production of the knock-out 
vector allowed the knock out procedure to be taken forward to H. volcanii 
transformation (Fig 6.3). H. volcanii strain H53 were utilised for mutant 
making as they contain deletions in both the trpA and pyrE2 genes, allowing 
tryptophan and uracil auxotrophy and complementation to be used as selection 
markers. Transformation was carried out by first stripping the cells of their S-
layer, causing them to become spheroplasts. These are delicate and require 
careful handling. The spheroplasts were then treated with EDTA to cause them 
to become susceptible to transformation. PDR003, containing a copy of the 
pyrE2 gene in the backbone and trpA between the target gene flanks (Fig 6.3 
H) was then introduced to the cells (Fig 6.4A) before the transformants were 
plated on media deficient in tryptophan, but containing uracil, as all cells 
would be uracil auxotrophic, whilst unmutated cells would be tryptophan 
auxotrophic. As H. volcanii undergoes homologous recombination frequently 
(Fig 6.4B) integrants would spontaneously occur. Colonies were selected from 
these plates and grown in rich liquid culture to cure the plasmid, ensuring that 
only copies resident on the genome would be present (Fig 6.4C). Subsequently 
they were spread on selective media containing 5-fluoro orotic acid 5-FOA 
and uracil, but no tryptophan, to select for double crossover events in which 
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the native gene had been lost (Fig 6.4Di), those cells still containing the 
pDR003 backbone, either as a genomic copy (Fig 6.4C) or as a free plasmid 
would be killed by production of 5-fluoruracil, whilst revertants to wild type 
(Fig 6.4Dii) would still be tryptophan auxotrophic and thus be unable to grow. 
They were incubated at 45°C for 5 days. At the end of this period no growth 
was present and the plates were stored at room temperature. After six months 
of storage at room temperature it was observed that a white lawn had grown 
on the plates previously thought to show no growth. This lawn of archaea was 
used as a target for PCR using primers designed to amplify the err! region of 
the genome (Table 2.2). The primers showed a clear difference in length, 
which matches the predicted difference of 700 base pairs based on the 
difference between the length of the ert! ORF and the trpA containing insert, 
when compared to controls amplified from H53 genomic DNA (Fig 6.5). 
Additionally sequencing of these products showed a match to the predicted 
sequence for the knockout (Fig 6.6).The predicted sequence was generated by 
manipulating the plasmids and haloferax genome in silico, using the Clone 
Manager program. The pDR003 plasmid was generated using the same 
digestion and ligations as in the laboratory method. This was then manually 
inserted into the H. volcanii genome by deleting the regions homologous to 
those in the plasmid construct and the bases in between. The construct 
fragment consisting of the crr! flanks and trpA region was then copied into the 
gap. This generated two possible reference sequences, dependant on the 
orientation of the trpA region. When these were aligned to the sequence from 
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the peR product the sequence depicted was found to match, the alternative 
sequence did not as the trpA cassette was in the opposite orientation. 
The redesigned primers for the 5' and 3' flank of pmde were found to produce 
suitable peR yields for cloning. They were used to produce plasmid pDR006 
in the same manner that the flanks of ert! were used to produce pDR003. Once 
successful production of pDR006 was confirmed by sequencing it was 
transformed into H. voleanii. No colonies were recovered on any of the 
subsequent plates, however leading to the conclusion that pmde knockouts are 
likely lethal, indicating that the mevalonate pathway is likely the only 
isopentyl pyrophosphate (IPP) producing pathway in H. voleanii, which is in 
145 
en/s' Flank 
....... \ / en/s' Flank 
en/ linear pTA131 
Haloeferax Genome 
A B 
errl Ji Flonk 
\ I n.nn .. 
CHI 
Halor .... G.nome 
C D 
LinE'arisE'd pDROOl pDR002 
Crtl 3 Flank 
E F 
Linearised pDR002 
rrpA 
G H 
Fig 6.3 A schematic representation of the production of a knockout vector for 
ert!. A A PCR product homologous to the 5' flank region of ertI was produced. 
B 5' Flank and pTA131 plasmid were digested with KpnI and Bamlll. C ert! 
5' Flank was ligated into pTA131 giving pDROOl. D A PCR product 
homologous to the 3' flank region of ert! was produced. E 3' Flank and 
pDROOl plasmid are digested with SpeI and BamHI. F ertI 3' Flank is ligated 
into pDROOl giving pDR002. G pDR002 and pTA298 are digested with 
BamHI. H TrpA is ligated into pDR002 giving pDR003. 
accordance with previous bioinformatics results (Chapter 3). 
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6.4 Cloning of crlI for Heterologous Protein Expression 
To further investigate the final enzyme in the lycopene biosynthesis pathway, 
ert!, attempts were made to clone and over express ert!. Primers were 
designed that would produce a peR product containing the ert! gene by 
searching an electronic copy of the genome and selecting sections of DNA 
adjacent to the gene. The sites selected were chosen to allow for cloning into 
the pET28a system. For this reason the enzymes NdeI and XhoI were selected 
as the restriction sites to be inserted. NdeI has the restriction site GATATG and 
as such can be used to accurately ensure the position of the start codon in the 
plasmid construct after cloning with minimum effort. Once primers were 
designed (Table 2.2) it was next necessary to perform the PCR. 
PCRs were run using the designed primer pair with genomic DNA extracted 
from H. volcanii. The PCR was run on a temperature gradient, in order to 
determine the best annealing temperature to use. The annealing temperature 
was selected (Table 2.2) and a DMSO gradient was used in an attempt to 
improve yield of PCR product without increasing mispriming as much as 
lowering the annealing temperature would. 
The DMSO gradient showed high concentrations of DMSO (15%) gave the 
highest yields with no secondary products for this PCR. The PCR was scaled 
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Fig 6.4 A Transformation introduces the pIa mid into the cell , allowing it to 
interact with the genome. B Homologous region of the pIa mid and genome 
interact in recombination events at either region I or 2. C The e event 
produce either i or ii. D A second crossover event, will produce one of two 
outcomes, with subsequent plasmjd loss, dependant on whether the event 
happens at the same flank as the cross in event i or at the oppo ite flank ii. 
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Fig 6.5. Confirmation of ert! knockout Lanes 1 shows promega X ladder, lane 
2 shows a PCR product from H53 indicating the presence of ert!, lane 3 shows 
a PCR product from the mutant, lane 4 shows a peR performed using only the 
upstream primer on H53 gDNA, lane 5 shows a PCR performed using only the 
downstream primer on H53 gDNA, lane 6 shows a PCR performed using only 
the upstream primer on mutant gDNA, lane 7 shows a PCR performed using 
only the downstream primer on mutant gDNA, Lane 8 is empty 
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GTTTCCACGCCTTGAGGTCCGCGATGTCGCCGTCGAACTCGGCGGGGTCGGCGTCGGTCG 
CCGCCCAGACGAACAGATCGGCCACGTCGTCGGGGTCGCGGCCCTGCCCGCCGGTGAGGT 
----------------------------------------- - ---------CGGTGAGGT 
CGGTGGCGACGAGGCCGGGGTCGACGACCGTCACGGTCCGGTCGCAGTCGGCGGCGAACT 
CGGTGGCGACGAGGCCGGGGTCGACGACCGTCACGGTCCGGTCGCAGTCGGCGGCGAACT 
GCCGGACGAGCGCCTCGGCGGCCGCCTTGGAGACGGCGTACGCGCCCATCCCCGGTTTCG 
GCCGGACGAGCGCCTCGGCGGCCGCCTTGGAGACGGCGTACGCGCCCATCCCCGGTTTCG 
CCTCGCGGGCGATGGAGCCGGAGGGGACGAGGATGCGCCCGTCGTCGGCCATGTGCGGCA 
CCTCGCGGGCGATGGAGCCGGAGGGGACGAGGATGCGCCCGTCGTCGGCCATGTGCGGCA 
GCGCCTCTTTGACCGCCGCGAAGACGCCGCGGACGTTGGTTCTGAGGGTGTCGTCGAACG 
GCGCCTCTTTGACCGCCGCGAAGACGCCGCGGACGTTGGTTCTGAGGGTGTCGTCGAACG 
CCGCGTACGAGTCCTCGGGCGCGGGCATCTCGCCGGGCGTCCCGTGGGCGACGGCGGCGT 
CCGCGTACGAGTCCTCGGGCGCGGGCATCTCGCCGGGCGTCCCGTGGGCGACGGCGGCGT 
TGGCGACGAGTACGTCGATGCGTCCGCCGGCGCGGGCCGCCGTCTCCATCAGGCGCTCCA 
TGGCGACGAGTACGTCGATGCGTCCGCCGGCGCGGGCCGCCGTCTCCATCAGGCGCTCCA 
TGTCGAGTTCGTCGCGCACGTCGGCGCGGACTGCGCTGGCGCTGCCGCCGTCGCGTTCGA 
TGTCGAGTTCGTCGCGCACGTCGGCGCGGACTGCGCTGGCGCTGCCGCCGTCGCGTTCGA 
TATCGTTGACGACCGACTGGAGGGCGTCGCCGTCGCGGGCGCAGGCGACGACCGTCGCGC 
TATCGTTGACGACCGACTGGAGGGCGTCGCCGTCGCGGGCGCAGGCGACGACCGTCGCGC 
CGGCGCGACCGAGGGCGCGCGCGACCGCCGCGCCGATTCCGGAACTCGCACCCGTGACCA 
CGGCGCGACCGAGGGCGCGCGCGACCGCCGCGCCGATTCCGGAACTCGCACCCGTGACCA 
CCGCGGTGGTGTCGTTCATGCGGGGCCGTAAGGAGGGATCCCGTGGATAAAACCCCTCGT 
CCGCGGTGGTGTCGTTCATGCGGGGCCGTAAGGAGGGATCCCGTGGATAAAACCCCTCGT 
TGACGCCGCGGGCAGCGTCGTGATGGCGGTCACACCCGGGCTTTCGTGGCAGTACGCTGG 
TGACGCCGCGGGCAGCGTCGTGATGGCGGTCACACCCGGGCTTTCGTGGCAGTACGCTGG 
CCCGAACAGCAACTACTATGCGTTCGGAAGCCGAACTCTGCAGCCATGTCGCTCGAAGAC 
CCCGAACAGCAACTACTATGCGTTCGGAAGCCGAACTCTGCAGCCATGTCGCTCGAAGAC 
GCCTTCTCCGACGGCCCGGCGTTCGTCCCCTATCTTGCCGCCGGCGACCCCGACTACGAG 
GCCTTCTCCGACGGCCCGGCGTTCGTCCCCTATCTTGCCGCCGGCGACCCCGACTACGAG 
TCCTCGCTCGAATACGTCGAGGCGCTCGAACGCGGCGGCGCGGACGTCATCGAACTCGGA 
TCCTCGCTCGAATACGTCGAGGCGCTCGAACGCGGCGGCGCGGACGTCATCGAACTCGGA 
CTTCCGTTCTCGGAGCCCATCGCCGAGGGGCCGACCATCCAGAACGCGGTTGTTCGGTCG 
CTTCCGTTCTCGGAGCCCATCGCCGAGGGGCCGACCATCCAGAACGCGGTTGTTCGGTCG 
CTCGAAGGCGGCATGACGCCGACGCGCTTTTTCGAGTTCGTCGAGGACCTCGACGTGTCG 
CTCGAAGGCGGCATGACGCCGACGCGCTTTTTCGAGTTCGTCGAGGACCTCGACGTGTCG 
GTGCCGCTGGTCTGTATGAGGTACTACAACCTCATCTATCGCTACGGCGATGAACCCGGA 
GTGCCGCTGGTCTGTATGAGGTACTACAACCTCATCTATCGCTACGGCGATGAACCCGGA 
CCGCGGCCGTTCGTCGAGAAGGCGGCGGAAGTCGGTATCGAGGGCTTCGTCGTCCCCGAC 
CCGCGGCCGTTCGTCGAGAAGGCGGCGGAAGTCGGTATCGAGGGCTTCGTCGTCCCCGAC 
CTGCCGGCCGAGGAGGCCGGCCCGCTCCGCGAGGCCTGCGACGAGTTCGGCCTCGACCTC 
CTGCCGGCCGAGGAGGCCGGCCCGCTCCGCGAGGCCTGCGACGAGTTCGGCCTCGACCTC 
GTGTTCATCGTCGCGCCGACGACCCGCGGCGAGCGCCTCGACCGAATCATGGAACAGGTC 
GTGTTCATCGTCGCGCCGACGACCCGCGGCGAGCGCCTCGACCGAATCATGGAACAGGTC 
TCGGGCTACGTCTACGTGCAGGCGCGCCTCGGCACGACGGGCGCGCAGTCGAGCGTCTCC 
TCGGGCTACGTCTACGTGCAGGCGCGCCTCGGCACGACGGGCGCGCAGTCGAGCGTCTCC 
GACCAGACCGACTCGTCGCTCGAACGACTCACCGACTACGACGTGCCCAAGGCGGTCGGC 
GACCAGACCGACTCGTCGCTCGAACGACTCACCGACTACGACGTGCCCAAGGCGGTCGGC 
TTCGGAATCAGCGACGGCGACCACGCCGAGCGCATCGTCGCCAGCGGTGCCGACGGCATC 
TTCGGAATCAGCGACGGCGACCACGCCGAGCGCATCGTCGCCAGCGGTGCCGACGGCATC 
ATCGTCGGCAGCGCGCTCGTCGACATCGTCGCCGAGGGCCACGAGAACGGCGACGACGCC 
ATCGTCGGCAGCGCGCTCGTCGACATCGTCGCCGAGGGCCACGAGAACGGCGACGACGCC 
GAAACGGTCGCGGACCGACTCGAAACGCTCGCCCGCGAACTCGAAGACGGTGCGGTAGCG 
GAAACGGTCGCGGACCGACTCGAAACGCTCGCCCGCGAACTCGAAGACGGTGCGGTAGCG 
GGCGCGTCGCAACGCCCACCGCATCCGGAACGCACATAACGGATCCCGACTCGTCTACCT 
GGCGCGTCGCAACGCCCACCGCATCCGGAACGCACATAACGGATCCCGACTCGTCTACCT 
CGCGGTCCTCTCGCGGCCCCGGTTCTGGCTCTACCTCGCCGGCCCCGTCGTCGTCGGCGT 
CGCGGTCCTCTCGCGGCCCCGGTTCTGGCTCTACCTCGCCGGCCCCGTCGTCGTCGGCGT 
CGCGGCCGCCGCGAGTGCCCTCGCCGACCTGTTCGGCCTCGAACCCGTCGCCCTGTTCGC 
CGCGGCCGCCGCGAGTGCCCTCGCCGACCTGTTCGGCCTCGAACCCGTCGCCCTGTTCGC 
GTACTTCCTCGTCCCCGCGAACGTCTTTCTCTACGGCGTCAACGACGTGTTCGACGCCGA 
GTACTTCCTCGTCCCCGCGAACGTCTTTCTCTACGGCGTCAACGACGTGTTCGACGCCGA 
CGTGGACGAAGCGAACCCGAAGAAGGACGACCGCGAGGCCCGCTGGCGCGGCGACCCCGT 
CGTGGACGAAGCGAACCCGAAGAAGGACGACCGCGAGGCCCGCTGGCGCGGCGACCCCGT 
GAACACCGTCGTCGTCGCCGCGAGCGGCCTGCTCGGAGTCGGCCTGTTCGCCGTCGCTCC 
GAACACCGTCGTCGTCGCCGCGAGCGGCCTGCTCGGAGTCGGCCTGTTCGCCGTCGCTCC 
GCGGGTGGCGTGGCCGTGGCTCGCCGCGCACTTCTTCCTCGCCGTCGAGTACAGCGCGCC 
GCGGGTGGCGTGGCCGTGGCTCGCCGCGCACTTCTTCCTCGCCGTCGAGTACAGCGCGCC 
GCCGTTTCGGTTCAAGACGACGCCGCTTCTCGACTCGGTCTCGAACGGCCTGTACGTCCT 
GCCGTTTCGGTTCAAGACGACGCCGCTTCTCGACTCGGTCTCGAACGGCCTGTACGTCCT 
GCCGGGCGTCGCCGCCTACGCGGCCGTCTCGGGGTCGAACCCCCCGATGCTCGCCGTCGC 
GCCGGGCGTCGCCGCCTACGCGGCCGTCTCGGGGTCGAACCCCCCGATGCTCG-------
GGGCGCGTGGCTCTGGACGATGGGGATGCACACGTTCTCCGCGATTCCGGACATCGAACC 
CGACCGCGAGGCCGGTATTCGAACGACCGCGACG 
crtI- Sequence ----------------------------------
Fig 6.6. Sequence alignment of predicted /).crtl sequence containing trpA 
(highlighted) with sequencing data. 
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up to a larger total volume (50 ~ l ) . . The scaled up peR produced sufficient 
yield of PCR product which was then taken forward to cloning. 
The PCR product and pET28a vector (Section 2.3) were digested in double 
digests using Fermentas FastDigest enzymes and buffer. The digested vectors 
were treated with Antarctic phosphatase and purified before ligation was 
performed (Section 2.16). Ligated plasmid was transformed into E. coli Top 1 0 
cells by electroporation (Section 2.17) before being plated on kanamycin 
containing media. The resulting transformation efficiency was calculated to be 
approximately 50000 c f u ! ~ g m l . . Whilst this indicated the transformation had 
been successful it was then necessary to check that the correct plasmid had 
been constructed. 
Several colonies were selected as candidates to be mini prepped and analysed 
to ensure the correct plasmid had been created. 83.3% of the selected colonies 
contained plasmid that gave the correct restriction profile, these plasmids were 
then sequenced to ensure that no undesired mutations had occurred. The 
sequencing results confirmed that the correct inserts with no undesired 
mutations had been Iigated into the plasmid. The plasmid construct, pDR007 
was then transformed by electroporation into BL21 cells for expression. 
Expression was carried out in kanamycin containing LB broth in order to 
produce recombinant ert! protein. Induction was performed with 1 mM IPTa, 
as pET28a is lac suppressed. Samples were taken from the culture each hour 
for four hours after induction and the whole culture collected after four hours 
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by centrifugation. The samples were there run on an SDS PAGE gel in order to 
discover if expression had occurred successfully. No expression was seen 
across four hours (Fig 6.7) as such it was concluded that crr! may be unable to 
express in this host, possibly due to codon incompatibility or due to the 
cytosolic conditions of E. coli being inappropriate for correct folding of the 
protein. Repeating the experiment and transforming the plasmid into the E. 
coli BL21 Rossetta cell line could alleviate the problem of codon usage, as the 
Rossetta cell line contains a plasmid encoding rare tRNAs. 
pDR007 was transformed successfully into E. coli BL21 Rossettas. The 
expression experiment was then repeated to discover if the cod on usage 
problem was in fact the cause of the failed expression. No expression was seen 
at any point, it was therefore concluded that expressing err! in E. coli was 
unlikely to work, possibly due to incompatible cytosolic conditions. At this 
point attempts to express the protein were abandoned. 
6.S Discussion 
The strains containing UV induced mutations did not contain the disruptions 
in the carotenoid synthesis pathway sufficient to abolish lycopene synthesis. 
The reason for the apparently white phonotype of these strains when grown on 
plates is therefore not the deletion of the carotenoid pathway, rather it may be 
due to a down regulation of the pathway. What mutations may cause a down 
regulation of the carotenoid pathway is a matter of speculation as a large array 
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Fig 6.7 Expression of ert! in Bl21 Star Rossettas. Lanes I and 7 are Promega 
Broadrange Molecular Weight Marker, Lanes 2-6 show whole cell ample 
taken at 0, 1, 2,3 and 4 hours respectively. 
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of possibilities exist. A mutation in one of the genes in the pathway itself that 
does not eliminate, but attenuates functionality is certainly a possibility, 
however it is equally possible that such a mutation could have occurred earlier 
in the isoprenoid pathway. It is also feasible that it is not one of the genes 
directly responsible for the production of carotene or one of its precursors that 
has produced this phenotype, but rather a mutation in the genes of one of their 
regulating factors, or indeed in genomic elements recognised by such factors. 
As such it is difficult to speculate on what the meaning of any observed 
behaviours of these organisms might be. For this reason it seems prudent to 
disregard the UV induced mutants as there is little of value that can be derived 
from them. 
Accordingly the targeted gene knockouts take on greater import as they are 
now the only available method for studying H. volcanii without lycopene. The 
approach used to produce these knockouts utilises strong selection against 
undesired strains at several stages, in addition to taking advantage of H. 
volcanii's tendency to freely undergo homologous recombination. The crt! 
knockout was focussed upon as the most crucial, as it would remove lycopene 
with the least disruption to the organism. Initially it seemed that the crt! 
knockout, like the pmdc knockout failed to grow after transformation, which 
would indicate that the gene may be essential. After a long period of 
incubation at room temperature, however it was seen that the crt! knockout did 
in fact grow, simply very slowly. This slow growth shows that, whilst 
lye ope ne production is not essential, it is important for the maintenance of 
154 
healthy cells. It is possible that the slow growth was caused by a protective 
effect of lycopene no longer being present. 
It is interesting to note the failure of the strain containing the pmdc deletion to 
grow. This is likely to have been caused by deletion mutants being none 
viable, rather than the transformation having failed, as control transformations 
succeeded. Whilst this is not definite, it is a good indication the pmdc is 
essential, which is unsurprising given its position in the biosynthetic pathway 
(Fig 3.1) producing either a precursor to isopentyl pyrophosphate, isopentyl 
phosphate, or isopentyl pyrophosphate itself and thus leading to the entire 
isoprenoid pathway. If pmdc is indeed essential it confirms that only the route 
from acetyl coA and not the route from pyruvate to isopentyl pyrophosphate is 
present in H. volcanii. This could be tested simply by the addition of a 
recovery plasmid containing a cloned pmdc to a suitable strain (such as H53) 
before transformation with the knockout vector. This would ensure continued 
survival of the cell and allow confirmation of the knockout prior to curing of 
the plasmid. 
The attempt to express cloned crt] failed, despite the initial success of the 
cloning and prevented investigation of the protein. This is likely due to a 
discrepancy between E. coli and H. volcanii in the processing of genetic 
information or proteins. As rare tRNAs were provided, the failure to express 
was likely caused by a failure in post translational modification or protein 
folding caused by an incompatibility between the transgenic protein and it's 
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host. The cause of this could feasibly be attributed to misfolding of the protein 
in what is, for a halophilic protein, a low salt cytosolic environment in E. coli. 
Such a misfolding would likely see the protein rapidly degraded by E. coli 
proteases and as such the lack of apparent expression. It is also possible that 
the failure was indeed translational, however this seems less likely due to the 
compensatory nature of the rare tRNAs included. 
The products of the molecular alterations described in this chapter have been 
carried forward to allow examination of the effects of lycopene removal on H. 
volcanii, the results of which are discussed in Chapter 7. 
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Chapter 7 The Carotenoid Metabolite Profile of 11. volcan;; 
l\lutants and Their Response to Stress Conditions 
7.1 Introduction 
The understanding of the function of a compound in an organism can often 
best be shown by removing it. This may be accomplished by removal of the 
gene responsible for producing the compound. Doing so allows comparative 
studies to be performed between the wild type organism possessing the 
compound and the mutant, without it. Differences between the wild type strain 
and that incapable of producing the compound of interest are then attributed to 
that compounds lack. 
This approach allows for both general questions regarding the compounds role 
in normal growth and specific questions about its function a variety of narrow 
conditions to be addressed. The most obvious question to answer is whether or 
not a compound is essential to the cell, if the cell dies with its removal this 
shows it was essential, if it continues to survive it shows it was not. Following 
from this, even in the case of non-essential compounds a group of questions 
relating to the impact of the health of the mutant can shed light on its 
importance. Assuming the mutants are viable it is then possible to interrogate 
them under carefully controlled conditions to ascertain if specific 
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environmental factors affect the health of the organism deficient in the 
compound of interest. 
These techniques are not without limitations, however, as the removal of a 
gene may have effects beyond the removal of the product of an enzyme for 
which it encodes. Confounding factors include the possibility that the region 
of DNA codes for multiple genes, either by splicing, common in eukaryotes, 
by multiple genes overlapping, often on opposite strands, more common in 
prokaryotes and viruses, or even by frame shifted or truncated versions of the 
gene also coding for a viable protein. Beyond these considerations if the gene 
removed codes for a protein that is part of a pathway then more than simply its 
product will be removed from the cell. Similarly if an enzyme has multiple 
products, or if a feedback mechanism within the cell responds to the lack of 
the gene, the enzyme or the product other factors may account for the 
observed changes. 
Despite these limitations and provided they are kept in mind when analysing 
results from these techniques the data acquired can provide some of the 
strongest evidence for function available. 
7.2 Lycopene Deficient Mutant H. volcanii Growth 
The behaviour of mutants compared to wild type organisms under nonnal 
growth conditions can tell us about the effects of the induced mutation. In this 
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case the mutant H. volcanii strain !::.ertl (Section 2.1) was grown under the 
same conditions as H. volcanii DS70 and their behaviours compared. On 
plates it was found that the media used caused a greater difference in growth 
time to be evident. On HvYPC plates !!..crtl could be grown to pickable 
colonies within 2 months, approximately 8 times as long as the wildtype 
strain. On chemically defined media (Hv NA-Lac, Section 2.8) growth to this 
level was only achieved once and took over 8 months, more than 16 times as 
long as wildtype. From this we can see that lack of the ertl gene either slows 
growth or increases killing significantly under these culture conditions. To see 
if this was particular to growth on plates, or a general effect, comparisons 
were performed in liquid media. 
H. volcanii is an aerobic organism and as such oxygen must be supplied 
throughout growth. Under laboratory conditions in batch culture it is therefore 
impossible to prevent some evaporation occurring as flasks cannot be 
completely sealed. Consequently there is a limit to the amount of time a 
culture can be grown under these conditions. The addition of fresh media 
would alter the culture significantly enough, due to increased nutrients and 
dilution of waste products, to cause the experiment to no longer be considered 
as a single growth. Similarly the addition of water to compensate for that 
which had evaporated would cause localised osmotic shock, killing organisms 
and once more making it impossible to compare the experiment to one 
performed in a single growth. Growth under liquid culture conditions was 
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therefore stopped after approximately 10% of the volume of the culture had 
evaporated (3-6 days). 
Within the timeframe accorded by the above restrictions no growth of t1crtl 
was seen in Hv Na-Iac media (Section 2.8) under standard growth conditions 
(Section 2.9) with 50 ml media in a 500 ml flask. By contrast the wildtype 
grew normally. This suggested that the organism either could not grow in 
liquid culture or that some of the growth conditions prevented it from doing 
so. To investigate this it was decided to attempt to grow the organism in 
HvYPC (Section 2.7). 
HvYPC is a rich medium, known to be more conducive to H. volcanii growth 
than chemically defined media such as Hv Na-Lac. Unfortunately because it is 
not a chemically defined medium it is impossible to be precise when 
describing its formulation as yeast extract and peptone both have varying 
compositions. Similarly to the previous experiment 50 ml volumes were used 
in 500 ml flasks. Again no growth was seen in t1crtl. Either growth in liquid 
culture was not possible for the strain or some other condition needed 
changing. As it was known that exposure to reactive oxygen species (ROS) 
could cause an increase in Iycopene production in the wildtype strain (Fig 5.9.) 
it was hypothesised that reduction in oxygen levels may have a protective 
effect on the strain. 
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To test this a range of culture volume to flask volume ratios were used, from 
10% to 70%. To allow a larger number of ratios to be studied simultaneously 
flask volumes were decreased to 50 ml. HvYPC was still used as media to 
maximise the chances of growth. It was found that under these conditions that 
growth appeared in flasks between 25% and 35% flask volumes to detectable 
levels within the period of the experiment. Growth was not seen in the 
wildtype strain above 50% flask volume (Table 7.1). These results suggest that 
whilst a higher ratio of culture volume to flask volume does give some 
protective effect to the mutant strain the resultant lack of oxygen may itself 
retard their growth. It was decided that scaling up the successful growths in 
order to allow sufficient culture to be collected for an extraction of carotenoids 
was an appropriate next step. 
To allow sufficient !:lcrt] to be harvested so that its carotenoids could be 
extracted culture sizes were scaled up. Starter cultures were grown in 50 ml 
flasks using a 30% culture volume before being transferred to 500 ml flasks 
again with 30% culture volume. This, however resulted in no growth in the 
larger flask, even with high inoculums. This suggested that the flask size as 
well as culture volume to flask volume ratio was having an effect on culture 
growth. This could be due to more efficient mixing of oxygen into the culture 
in larger flasks under the same rotational speeds. It was therefore suggested 
that a smaller flask may prove more beneficial. 
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Table 7.1 Optical densities reached by H. volcanii ~ c r t I I and H. volcanii OS70 
grown in HvYPC under varying culture to flask volume ratios. All samples are 
means taken from three replicates and variation shown is standard error 
Culture to Flask H. volcanii ~ c r t l l H. volcanii OS70 
Volume Ratio (%) Growth (00600nm) Growth (00600nm) 
10 0.0 >1.0 
15 0.0 >1.0 
20 0.0 >1.0 
25 0.21 ± 0.01 >1.0 
30 0.28 ± 0.03 > 1.0 
35 0.19 ± 0.02 >1.0 
40 0.0 >1.0 
45 0.0 >1.0 
50 0.0 0.53 ± 0.04 
55 0.0 0.0 
60 0.0 0.0 
65 0.0 0.0 
70 0.0 0.0 
75 0.0 0.0 
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250 ml flasks were employed using 35% culture to flask ratios and some 
growth was observed, although it appeared slower than that in the smaller 
cultures. It was decided that as growth was being detected a resumption of the 
use of Hv Na-Lac should be attempted in order to allow experiments with 
hydrogen peroxide shock, similar to those showing lycopene build up in the 
wildtype (Fig 5.8). 
Growth in Hv Na-Lac was attempted at between 25% and 35% culture volume 
to flask volume ratios in both 50 ml and 250 ml flasks. Growth was detected 
only in 50 ml flasks and was very slow, reaching OD600nm 0.1 AU within the 
time frame of the experiment (3-6 days) and showing little subsequent 
increase in density even when allowed to grow for longer (1-2 weeks). It was 
therefore determined that experiments requiring Hv Na-Lac would have to be 
performed in small scale cultures. 
Throughout the above experiments no ~ c r t l l culture exceeded OD600nm 0.3 AU 
and whilst their behaviour post lag phase mirrored that of the wildtype they 
quickly ceased growing again. This may have been due to the evaporation of 
water causing the concentrations of media components to become non 
supportive of further growth, however rather than an inherent inability of the 
organism to sustain further growth. 
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7.3 Acrt! Carotenoid Metabolite Profile 
It was vital to establish that the deletion of ertl from the genome of the 
organism had indeed removed its capacity for producing lycopene. In addition 
the question as to whether it would sti11 produce bacterioruberin and how the 
phytoene levels would respond to the absence of lycopene were interesting 
questions. 
Four 250 ml flasks were prepared in which /).crtl was grown to a density of 
OD600nm 0.2 AV. These cultures were harvested and from them carotenoids 
were extracted in the usual way (Section 2.1 0-2.11). This was run using the 
gradient HPLC method (Section 2.12) and a chromatogram produced (Fig 
7.1). As can be seen on the chromatogram only two peaks are present at 450 
nm. The spectra of these shows in both cases a single peak absorbance at less 
than 300 nm with a gradual reduction in absorbance resulting in the reading at 
450 nm. These peaks were not noted in the wildtype chromatogram, however 
as they are of low intensity comparative to the carotenoids, lycopene and ~ ~
carotene, and at similar retention times to those carotenoids it is likely that 
they were masked in these chromatograms. All carotenoids normally seen 
(lycopene, phytoene and bacterioruberin) are absent from this chromatogram. 
It is important to note that as a]] of these compounds and the unidentified 
carotenoids, presumed to be bacterioruberin intermediates, have been 
eliminated from the ce]] it is possible that the lack of any of these compounds 
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may be the cause of the results seen in the mutants behaviour, rather than 
simply the lack of lycopene. 
7.4 Acrtl Survival Under Stress Conditions 
As the mutant contains no detectable carotenoids attempting to study the 
behaviour of its carotenoid profile in response to stress in the manner applied 
with the wildtype (Chapter 5), would be fruitless. The response of the mutant 
to stress stimuli would therefore be measured in a different way, allowing 
direct comparison of its fitness to that of the wild type under varying stress 
conditions. 
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Fig 7.1. Chromatogram of extract from H. volcanii !:l.crtl cu1ture, showing two 
unidentified peaks (5.25 mins and 6.5 mins). Absent are peaks for 1ycopene, 
phytoene and bacterioruberin. 
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Resistance levels to various stressors can be measured by the surviving 
fraction of cells at a steadily increasing concentration of the stress. The 
resistance levels of flcrt! and H. volcanii DS70 where compared in this way, 
measuring their response to H20 2 and to osmotic shock. In response to 
osmotic shock, over a range of salt concentrations from 20% to 3% both 
organisms perfonned identically within error (Fig 2a). This indicates that the 
carotenoids do not affect the organisms ability to deal with this stress. 
In contrast when exposed to H20 2 shock from 0 to 50 mM (Fig 2b) the 
wildtype showed a slow decline, maintaining 60% viability at 50 mM whilst 
the mutant strain shows very poor resistance, decreasing to an 85% survival at 
10 mM and having lost all detectable viability at 30 mM and higher 
concentrations. This result indicates that the removal of the carotenoids has 
significantly impacted the organisms ability to resist oxidative damage. 
7.5 Discussion 
The reduction of phytoene in the mutant strain cannot be a direct result of the 
removal of crtfs catalytic activity as it is the precursor to lycopene, not its 
product. For this reason it must be assumed that a regulatory mechanism 
detecting either the lack of lycopene, bacterioruberin or both has acted to 
curtail the production of phytoene or that there is an interaction between the 
phytoene desaturase and phytoene synthase genes or proteins directly. As there 
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are no known non-carotenoid products of phytoene it is safe to assume that in 
the absence of ertI the production ofphytoene ceases. It is likely that 
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Fig 7.2a, Survival rate represented as a percentage surviving, 100% being 
taken a the survival in unstressed cells counted in the same way. Survival rate 
is plotted against salinity, where percentage represents the weight by volume 
percent of salt in the solution. 4 independent replicates make up each data 
point and standard error is represented by the error bars. Circular markers 
indicate wildtype, square markers mutant. 
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Fig 7.2b, Survival rates represented as a percentage surviving, 100% being 
taken as the survival in unstressed cells counted in the same way. Survival rate 
is plotted against H202 concentration .. 4 independent replicates make up 
each data point. Circular markers indicate wild type, square markers mutant. 
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compounds that would formerly have gone to make phytoene have instead 
been channelled into other products of the isoprenoid pathway. 
The removal of bacterioruberin from the cell is most likely a direct result of 
the deletion of crtI as bacterioruberin is most commonly produced from 
lycopene (Britton et al. 1998). The removal of the other carotenoids suspected 
of being bacterioruberin intermediates indicates that they too are disrupted by 
this deletion which supports the suggestion that they are intermediates 
between lycopene and bacterioruberin, although it does not prove this. 
The failure of t1crtI to grow beyond OD600nm 0.3 could be explained by its 
slow growth resulting in sufficient evaportaion occurring over time to cause 
the media to become unable to support further growth of the mutant. This slow 
growth is itself indicative that even under normal culture conditions, without 
added stress the lack of carotenoids poses a severe challenge to H. volcanii, 
demonstrating that the carotenoids are an important, although not essential, 
product for cell viability. 
The fact that the rate of growth increased in cultures with lower oxygen 
availability suggests that atmospheric levels of reactive oxygen species are 
able to overwhelm the other defence systems of H. volcanii (primarily DNA 
repair enzymes such as recAIB). This then would explain the maintenance of 
the carotenoid biosynthesis pathway despite its high energy cost in the wild 
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population, a population subjected to far higher levels of ROS than found in a 
laboratory setting. 
This evidence is supported by the survival rates of wildtype H. volcanii as 
compared to the mutant when subjected to direct oxidative stress. Whilst the 
wildtype strain displayed a resistance similar to that of D. radiodurans (Tian et 
al. 2(07) known to be a highly durable organism, the mutant displayed a great 
susceptibility to exposure to this stress. In contrast there is no difference in 
survival rate between the wildtype strain and the mutant when exposed to an 
osmotic stress, suggesting that the carotenoids provide a defence solely against 
oxidative damage and not as part of a general stress response. 
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Chapter 8 Conclusions and Discussion 
8.1l\Jajor findings of this study 
The production of carotenoids in H. volcanii is important to the organisms 
growth and survival. Whilst initially this importance was ascribed to several 
different hypotheses (Chapter 1) it is possible now to state with some certainty 
that the carotenoids present in H. volcanii provide it with protection from 
oxidative damage (Chapter 7). H. volcanii produces three identified 
carotenoids, phytoene, lycopene and bacteriorhodopsin (Chapter 5) in addition 
to 3 unidentified carotenoids, which may be intermediaries between lycopene 
and bacteriorhodopsin (Chapter 5), which of these provides the protective 
effect is uncertain (Chapter 7). 
8.2 Carotenoid biosynthesis in 11. volcanii 
Carotenoid synthesis in H. volcanii branches from the isoprenoid pathway 
(Chapter 3). The biosynthetic route to isopentyl pyrophosphate (!PP), the 
common precursor to all isoprenoids, has two potential forms. The first, 
common in bacteria, chloroplasts and green algae proceeds from pyruvate 
(Disch et al. 1998). The second, seen in all domains, starts at acetyl co-a and 
proceeds through mevalonate, (Disch et al. 1998). It is common among 
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bacteria and some archaea for both pathways to be present, however only the 
mevalonate pathway was evident in H. vo/can;; (Fig 3.1). 
Despite the fact that all the enzymes in this pathway are well characterised in 
other organisms (Chapter 3, expasy.orglsprotJ) one enzyme, essential to the 
pathway, could not be identified through the use of BLAST searches. 
Additionally two enzymes closely matched more than one BLAST hit and 
therefore their identity remains ambiguous. 
These latter enzymes were initially identified as mevalonate kinase (Mvk) and 
mevalonate pyrophosphate decarboxylase (pMdc). Mvk showed close 
homology to both mevalonate kinase and mevalonate phosphokinase from 
other organisms (Chapter 3). pMdc showed equal homology to mevalonate 
phosphate decarboxylase and mevalonate pyrophosphate decarboxylase. The 
ambiguity as to the nature of these enzymes means that which enzyme in the 
pathway remains unidentified is unclear. The pathway either produces 
mevalonate pyrophosphate or isopentyl phosphate, therefore the unidentified 
enzyme is either a mevalonate kinase, mevalonate phosphokinase or isopnetyl 
phosphokinase. A fourth possibility exists, if Mvk has function as both a 
mevalonate kinase and a mevalonate phosphokinase the pathway would be 
complete without the need to identify a further enzyme (Fig 3.1). This would 
mean that Mvk in H. volcan;; displayed a unique functionality, not seen in 
other organisms 
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Additionally there is at least one enzyme at the end of the carotenoid 
biosynthesis pathway, after formation of IPP, which was not elucidated by the 
BLAST searches performed, the enzyme or enzymes leading to 
bacterioruberin synthesis (Chapter 5). This pathway could lead either from 
lycopene or directly from phytoene, although the former is more common 
(Michal 1999) and found in related organisms (Siero C et al. 2003). The 
presence of a bacterioruberin in the cell shows conclusively that the synthesis 
pathway must be present, this is also true for the other unidientified 
carotenoids, although it is likely that they are bacterioruberin intermediates. 
The elucidated carotenoid pathway then consists of a Gapp synthase, IdsA, a 
phytoene synthase, crtb2 and a phytoene desaturase, crt!. This pathway also 
shows the high metabolic cost of carotenoid production to. The NADH and 
ATP cost of lycopene production is high enough that it in itself suggest that 
this pathway is not a conserved remnant. Additionally we know that the 
organism produces bacterioruberin and whilst the cost of the production of one 
molecule is unknown it is likely to be several times that of lycopene based on 
structure alone. 
A high level of carotenoid production in stationary phase has been observed in 
other organisms (Heber et al. 2004). In the case of mycobacterium this has 
been shown to be regulated by SigF, an important sigma factor for regulating 
stationary phase growth and response to stress conditions. It is suggested that 
this may be due to the need to protect against internally synthesised reactive 
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oxygen. As this study shows lycopene is produced at increased levels in 
stationary phase growth it seems reasonable to suggest this as the probable 
reason for such regulation in H. voleanii as well. 
8.3l\fodel Proteins 
The proteins enb2 and en! are central to the carotenoid synthesis pathway. For 
this reason these proteins were modelled using the I-Tasser and Lommetts 
systems. These models give several interesting insights into the nature of these 
proteins. 
en! has a potential group of transmembrane helices (Chapter 3) that could 
anchor it firmly to the membrane. Although the prediction of these helices is 
not conclusive evidence of their existence, ert! being membrane associated is 
reasonable, particularly as both its substrate and product are to be found in the 
membrane (Palloza et al. 2010). This is not unprecedented in carotenogenic 
proteins, those found in several plants also have evidence of being membrane 
bound (Grunewald 2001). It is interesting then to see that the enzyme CrtB2 
has no evidence of transmembrane helices. In fact, there is only one small 
patch on its surface which appears to be hydrophobic (Chapter 3), this consists 
of a short alpha helix, with only a slight transmembrane signature. 
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8.4 Deletion mutant 
Whilst the high cost of the pathway indicates that it is likely functional other 
techniques are require to analyse that function. The removal of the pathway, or 
part thereof from the organism can give valuable information when answering 
this question. For this reason the production of mutant H. volcanii with genes 
in the carotenoid synthesis pathway removed was conducted. Two genes were 
successfully knocked out during the course of this study, pmde and ert!, 
coding for the presumptive mevalonate decarboxylase and the phytoene 
dehydrogenase respectively (Chapter 6). 
Knocking out the gene pmde resulted in the organism failing to grow. Whilst 
this does not reveal anything about the function of the carotenogenic pathway 
it does allow some conclusions to be drawn about the more general isoprenoid 
pathway. pMdc is required for cell viability, which is unsurprising as it is a 
vital step in this pathway. The removal of pMdc is likely to lead to cell death 
by the removal of the mevalonate based isoprenoid pathway, indicating that 
the pyruvate pathway to isopentyl pyrophosphate is not present in H. voleanii 
and supporting the pathway developed by bioinformatics (Chapter 3). 
The ert! knockout by contrast is viable, although its growth rate is greatly 
reduced (Chapter 7). This indicates that the ert! gene, whilst not vital for cell 
viability, is important in supporting normal cell growth. Given that the 
function of ert! according to our model is lycopene production it follows then 
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that Iycopene, or its products, play a key role in keeping the cell healthy. It is 
important to remember, however that the model pathway based on BLAST 
searches is not continned and therefore it was essential to check the carotenoid 
profile of H. vo/can;; to ensure it had been disrupted in the anticipated way. A 
carotenoid extract from H. vo/canii flcrt! showed the presence of no 
carotenoids, not only was lycopene removed, but phytoene and bacterioruberin 
were also gone (Chapter 7). 
The lack of all carotenoids from the cell means that all results gathered in 
Chapter 7 could be due to any of the carotenoids, or all of them, rather than to 
lycopene specifically. It also raises several questions, why were all carotenoids 
lost, including phytoene, lycopene's precursor and what caused the loss of 
these carotenoids. It is possible that the enzyme removed by the knockout, crt! 
is, rather than the phytoene dehydrogenase, the phytoene synthase. This is 
extremely unlikely however as it has a very strong homology to the phytoene 
dehydrogenases of related organisms (Chapter 3), whilst no homology to 
phytoene synthases. Another explanation must therefore be sought. 
It is possible that the removal of crt! leading to the loss of lycopene and, 
presumably bacterioruberin, assuming bacterioruberin is synthesised from 
Iycopene in H. vo/canii, could produce a feedback loop preventing the 
production of phytoene and diverting resources elsewhere in the cell. Such a 
mechanism, however does not seem likely due to the fact that it responds to a 
condition that does not occur in the natural life cycle of the organism, a lack of 
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all post phytoene carotenoids (Chapter 5). Further it would contradict the 
evidence showing an increase in phytoene when lycopene is severely depleted 
by oxidative attack (Chapter 5). 
There is another possibility that presents itself however, it is reasonable to 
think that CrtI and CrtB2 may form a protein complex, as some plant 
carotenogenic enzymes do (Lopez 2008). If errl is, as analysis suggests, 
anchored to the membrane by transmembrane alpha helices it is possible that 
CrtB2 then complexes to it, perhaps through its own short, hydrophobic alpha 
helix found on the exterior of the enzyme according to the model (Chapter 3). 
If this were the case it is feasible that removal of the ertl enzyme could lead to 
abolishment of phytoene synthesis. This could occur due to a failure on the 
part of the CrtB2 enzyme to take the correct conformation when not 
complexed to ertl, or simply be due to incorrect localisation. 
Regardless of the specific mechanism it is clear that the removal of ertl blocks 
all carotenogenesis in H. volcanii. This has several effects on the cen, altering 
its growth rate and resistance to oxidative stress (Chapter 7). Although it is 
tempting to conclude that this means that lycopene acts to encourage growth 
and protect against oxidative damage, as hypothesised, it is not an accurate 
interpretation of the data. What can be concluded is that the carotenoids in H. 
vo/canii offer it significant protection against hydrogen peroxide attack and, 
likely, against attack by other external ROS. It is not unreasonable to think that 
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it may also provide a protective effect from ROS generated within the cell, 
such as those produced by Fenton like reactions of several metals. 
8.S Response to oxidative stress 
In its natural environment of the Dead Sea such stresses are likely to be 
encountered regularly. The dead sea has a high incidence of ultra violet 
radiation (Kudish 1998) and heavy metals leached from the surrounding area 
(Stiller 1979). Both UV radiation and heavy metals produce reactive oxygen 
species, which could then attack the cell. Without the carotenoids H. vo/canii 
would not be able to protect itself from this damage and so it is safe to 
conclude that the carotenoid pathway is vital to the organisms survival in the 
wild. 
The case for this is made stronger by the response H. vo/can;; s carotenoid 
pathway shows to oxidative stress, with upregulation of phytoene production 
being seen in response to low levels of stress and upregulation of both 
phytoene and lycopene production seen in response to higher levels of 
oxidative stress (Chapter 5). 
This upregulation effect may be due to the organism sensing that it is under 
oxidative attack and responding by increasing its protection. The pattern of 
initial depletion followed by subsequent replenishment seen in Fig 5.9, 
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however suggests that this effect may be in response to the cell detecting 
depletion of the compounds beyond their standard levels. 
8.6 Further study 
In order to carry this study further the production of functional CrtI and CrtB2 
proteins for in vitro analysis would be useful. This would allow 10caHsation 
studies to be performed that may give an insight into whether these enzymes 
do form a complex. Additionally comparison of the effects of oxidative 
damage from other sources on the wild type and !lcrt! mutant would indicate if 
the protective effect against ROS is functional against all such stressors. 
Further, the response of the wildtype's carotenoid synthesis pathway to these 
stressors, including the response of bacterioruberin could shed further light on 
the subject. 
It would also be of interest to clone and overexpress mvk in order to analyse its 
function. This would determine which route the biosynthesis pathway takes to 
IPP and confirm whether or not Mvk acts at multiple steps in the pathway. 
Additional work could also be performed on pmdc, by attempting to obtain a 
conditionally lethal knockout of this gene. This could be accomplished by 
cloning pmdc into a vector containing an inducible, or repressible, promoter 
for use in H. volcanii. It should then be possible to make a knock out of this 
gene by inducing, or not repressing, said promoter throughout the knockout 
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process, provided that process is performed on a strain transformed with the 
appropriate plasmid. Alternatively a copy of pmdc under control of such a 
promoter could incorporated into the genome, either as part of the knockout 
process or via a second suicide vector in an alternate area of the chromosome. 
Using either of the above methods could lead to the production of a llpmdc 
mutant, which could then have induction removed or repression applied to 
investigate the effect of reduced or ablated pMdc in the cell. There are 
problems with this technique, however, as putting the gene under control of 
such a promoter could lead to their being too much, or too little of it available, 
either of which could have deleterious effects upon the cell. 
A third option is to use a similar vector containing an inducible promoter to 
introduce anti sense RNA into the cell to silence the translation of pMdc. 
Whilst this would leave the gene under the control of its endogenous promoter, 
it is difficult to determine that complete ablation of function has occurred in 
the case that pMdc is revealed to be none essential. Alternately it is also 
possible that if the promoter used is not strongly repressed when uninduced 
that enough anti sense RNA would be produced to have a silencing effect at a 
time other than that desired. 
Other methods for making conditionally lethal mutations exist, such as amber 
suppression, whereby a mutant copy of the gene is controlled by the 
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availability of rare tRNA, however such systems are not yet readily avaHable 
for H. volcanii. 
8.7 Concluding Statement 
In conclusion this study indicates that the carotenoid synthesis pathway of H. 
volcanii is vital for the health of the ce]] and protective against oxidative 
damage. 
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